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3Kurzdarstellung
Die Realstruktur des perowskitischen Modellsystems SrTiO3, welches in der Raum-
gruppe Pm3¯m kristallisiert, wird durch die Sauerstoﬀvakanz als wichtigstem Defekt
dominiert. Durch Temperaturbehandlung unter reduzierenden Bedingungen können
Sauerstoﬀvakanzen in die Kristallstruktur eingebracht werden. Aufgrund ihrer positi-
ven Ladung relativ zum Kristallgitter bewegen sie sich im elektrischen Feld entlang des
TiO6-Oktaedernetzwerkes. Die Elektroformierung folgt dabei einem Arrheniuszusam-
menhang, wobei sowohl die Aktivierungsenergie als auch die Mobilität eine deutliche
Abhängigkeit von der Kristallorientierung zeigen. Die Umverteilung der Sauerstoﬀva-
kanzen führt zu lokalen reversiblen Strukturänderungen, welche die Ausbildung einer
neuen migrationsinduzierten feldstabilisierten polaren (MFP) Phase verursachen. In
Abhängigkeit von der elektrischen Feldstärke zeichnet sie sich strukturell durch eine
tetragonale Verzerrung der ursprünglich kubischen Elementarzelle aus und geht mit
dem Verlust der Inversionssymmetrie einher. Die Polarisation in der Struktur wird
durch die erwiesene Pyroelektrizität bestätigt und gilt als Grundlage, um anhand eines
kristallographischen Symmetrieabstieges die Herleitung der Raumgruppe P4mm zu er-
möglichen. Der durch die Migration hervorgerufene intrinsische Defektkonzentrations-
gradient ruft eine elektromotorische Kraft hervor, deren Verwendung in einem elektro-
chemischen Energiespeicher experimentell nachgewiesen wurde. Diese neuen Funktiona-
litäten sind durch die Anwendung defektchemischer und kristallphysikalischer Konzepte
infolge gezielter Materialmodiﬁzierung unter Einﬂuss von Temperatur und elektrischem
Feld zu verstehen.
4Abstract
The real structure of the perovskite-type model system SrTiO3, crystallizing in space
group Pm3¯m, is dominated by oxygen vacancies as most important defects. They are
introduced in the crystal structure through heat-treatment under reducing conditions.
Because of their positive charge relative to the crystal lattice, oxygen vacancies move
in an electric ﬁeld along the TiO6 octahedron network. This electroformation process
follows an Arrhenius behavior. Both the activation energy and the mobility show an
obvious dependence on the crystal orientation. Redistribution of oxygen defects causes
local reversible structural changes, which involve the formation of a migration-induced
ﬁeld-stabilized polar (MFP) phase. In dependence on the electric ﬁeld strength, this
is structurally marked by a tetragonal distortion of the original cubic unit cell and
accompanied by a loss of inversion symmetry. The polarisation in the crystal structure
is conﬁrmed by the proven pyroelectricity and serves for the argumentation to derive the
space group P4mm by means of a crystallographic symmetry descent. The migration-
induced intrinsic concentration gradient of oxygen vacancies leads to an electromotive
force, whose application as electrochemical energy storage was proven experimentally.
These new functionalities are explainable using defect chemistry and crystal physics in
consequence of speciﬁc material modiﬁcations under the inﬂuence of temperature and
external electric ﬁelds.
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71 Einleitung
Funktionelle Übergangsmetalloxide erlangen aufgrund ihrer vielfältigen Ausprägungen
der Kristallstrukturen und den damit einhergehenden elektrischen, optischen und mag-
netischen Eigenschaften [13] in den verschiedensten Anwendungsbereichen immer wei-
ter an Bedeutung. Die Korrelation zwischen Struktur und Eigenschaft ist dabei wesent-
licher Bestandteil der Forschung, wobei die Kristallstruktur keine generelle Vorhersage
für die funktionellen Eigenschaften des jeweiligen Materials darstellt, was die Struk-
turfamilie der ABO3-Perowskite eindrucksvoll beweist. Perowskite und Perowskitver-
wandte gelten nämlich als vielseitigste Kristallstrukturen, da sie durch Änderung ihrer
Zusammensetzung hinsichtlich des A- als auch B -Kations stark modiﬁziert werden
können [4, 5]. Die inhärenten Charakteristika reichen von dielektrischen Eigenschaf-
ten bis hin zu ionischer oder elektrischer Leitfähigkeit [46]. So ergibt sich ein breites
Spektrum von Anwendungen: neuartige nichtﬂüchtige bzw. ferroelektrische Datenspei-
cher [710], Kondensatoren [11], pyroelektrische Infrarot-Sensoren oder piezoelektri-
sche Aktoren [10], Ionenleiter [5, 10], Katalysatoren zur Wasserspaltung [10, 12, 13],
Gassensoren [14] sowie in der Energiespeicherung und Energiewandlung [5]. Aufgrund
ihrer chemischen und thermischen Stabilität reicht die Verwendung in elektrochemi-
schen Energiespeichern von Elektroden oder Festkörperelektrolyten in Brennstoﬀzel-
len [5] bis hin zur Nutzung als Katalysator für die Sauerstoﬀreduktion in Metall-Luft-
Batterien [15].
Die ideale kubische Perowskitstruktur besitzt einige niedersymmetrische Varianten,
die sich durch kleine Verzerrungen der Elementarzelle (tetragonal, orthorhombisch)
oder Abweichung vom rechten Winkel (rhomboedrisch) ergeben. Perowskite gelten fer-
ner als besonders ﬂexibel gegenüber Stöchiometrieabweichungen [5], denn die Struktur
bleibt trotz großer Kationen- bzw. Sauerstoﬀdeﬁzite erhalten. Aus der Substitutionsva-
rianz für Metallkationen konnten die sogenannten structure-ﬁeld maps für II/IV- und
III/III-Perowskite aufgestellt werden, welche die Abhängigkeit der Strukturbildung von
den Ionenradien verdeutlichen [4, 5].
Die intrinsischen Eigenschaften der ternären Übergangsmetalloxide können mithilfe
von Defekten maßgeblich verändert werden. So ist es möglich durch Änderung des
Sauerstoﬀpartialdruckes die elektrische Leitfähigkeit in Oxiden vom p- zum n-Typ zu
modiﬁzieren [16]. Ferner kann in nicht-magnetischen Oxiden durch das Einbringen von
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Sauerstoﬀvakanzen defekt-induzierter Ferromagnetismus hervorgerufen werden [17]. In
Mischkristallreihen wie Ba1-xSrxTiO3 [18], Pb1-xBaxTi2O6 oder Ba1-xSrxTi2O6 [19] lässt
sich die ferroelektrische Curie-Temperatur Tc durch substitutionelle Defekte stufenlos
einstellen. Hohe piezoelektrische Koeﬃzienten in Verbindung mit hoher mechanischer
Belastbarkeit werden durch bivalente Substitution des A-Kations erreicht [20]. Ein
weiteres Beispiel für atomares Design bietet sich in der Erhöhung der Permittivität in
Dielektrika durch Co-Dotierung von Donatoren und Akzeptoren zu Defektclustern [21].
Oﬀensichtlich besitzt Defektengineering ein großes Potential Eigenschaften zu ver-
ändern und damit neue Funktionalitäten in oxidischen Materialien hervorzurufen. Ziel
dieser Arbeit ist es daher zu zeigen, dass die Interaktion geladener Punktdefekte mit
thermischen und elektrischen Feldern zu strukturellen Änderungen führt, die mit neu-
artigen Eigenschaften einhergehen und aus denen sich entsprechende Anwendungen ab-
leiten lassen. Für diese Fragestellungen wird das perowskitische Modellsystem Stron-
tiumtitanat genutzt, welches in Kapitel 2 hinsichtlich seiner Struktur, Defektchemie
und ablaufender Transportphänomene vorgestellt wird. Den Mittelpunkt bildet Kapi-
tel 3 durch die Vorstellung der Ergebnisse in Form der Publikationen in den jeweiligen
Fachzeitschriften. Anschließend erfolgt in Kapitel 4 eine umfassende Diskussion zur
Erstellung eines Gesamtbildes. Im letzten Kapitel werden die Ergebnisse zusammenge-
fasst.
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2.1 Kristallstruktur und Symmetrie
Ein Kristall ist ein anisotroper homogener Festkörper, dessen Struktureinheiten peri-
odisch angeordnet sind  er besitzt eine Fernordnung mit diskretem Beugungsmuster.
Seine Kristallstruktur wird durch sein Gitter und die dazugehörige Basis aus Atomen
bestimmt. Eine der bedeutendsten Kristallstrukturen funktioneller Oxide ist der Ari-
stotyp der Perowskitstruktur [4]. Fälschlicherweise abgeleitet vom Mineral Perowskit
(CaTiO3), welches aufgrund der zu kleinen Ca-Ionen durch eine Verzerrung der ei-
gentlich kubischen Kristallstruktur in der niedersymmetrischen orthorhombischen Kris-
tallstruktur vorliegt, weist die Perowskitstruktur ein kubisches Kristallgitter auf. Der
Goldtschmidt'sche Toleranzfaktor [22]
t =
rA + rO√
2(rO + rB)
(2.1)
für ABO3-Verbindungen beschreibt anhand der Ionenradien r die Geometrie der Ein-
heitszelle als Abweichung zwischen den Bindungslängen von AO und BO und gilt als
Maß für die Stabilität der Struktur an sich. Für t > 1 werden die BO6-Oktaeder leicht
gedehnt und ermöglichen es den Zentralionen aus der Gleichgewichtslage herauszutre-
ten, um Ferroelektrizität hervorzurufen. Für t < 1 reagieren die Oktaeder mit einer
kollektiven Verkippung gegenüber der angrenzenden Ebene. Strontiumtitanat (SrTiO3)
mit einem Toleranzfaktor von tSrTiO3 = 0,93 verkörpert daher nahezu den idealen
Perowskit mit Raumgruppe Pm3¯m und einem Gitterparameter a von 3,901Å [23]. Die
12-fach koordinierten Sr-Ionen (Wyckoﬀ-Lage 1a) besetzen die Ecken, wohingegen Ti-
Ionen (Wyckoﬀ-Lage 1b) in der Mitte des Kubus sitzen. Der Sauerstoﬀ (Wyckoﬀ-Lage
3c) beﬁndet sich auf den Seitenﬂächen und bildet mit den Ti-Ionen eckenverknüpfte
Sauerstoﬀoktaeder, welche perfekte 90◦-Winkel ausbilden (siehe Abb. 2.3).
2.1.1 Phasendiagramm
Das binäre Gleichgewichtsphasendiagramm des Systems SrOTiO2 [24] in Abbildung 2.1
zeigt, dass nur bei einer Zusammensetzung von jeweils 50mol% SrTiO3 entsteht. Stö-
chiometrieabweichungen zu SrO-reichen Phasen führen zur Bildung der Ruddlesden-
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Abb. 2.1: Gleichgewichtsphasendiagramm für das System SrOTiO2 (nach [24]).
Popper-(RP)-Phasen SrO(SrTiO3)n [25, 26]. Diese zeichnen sich in Abhängigkeit von
der Strontiumoxidkonzentration durch den Einbau von SrO-Ebenen aller n Perow-
skitstruktureinheiten aus, welche jeweils um [1/2 1/2 0] versetzt sind (siehe Abb. 2.3).
Eine erhöhte Titandioxidkonzentration führt dagegen zu TiO2-Ausscheidungen. Stö-
chiometrieabweichungen hinsichtlich des Sauerstoﬀs sind im ternären Phasendiagramm
SrTiO [27] verzeichnet (siehe Abb. 2.2). Aufgrund von Sauerstoﬀmangel bilden sich
Magnéli-Phasen TimO2m-1 aus. Für sehr kleine Sauerstoﬀdeﬁzite (m = 6, 7, 8) entste-
hen die in Abbildung 2.3 dargestellten triklinen Vertreter der homologen Reihe, indem
aller m Ebenen das Fehlen von Sauerstoﬀ durch Scherebenen ausgeglichen wird  aus
eckenverknüpften bilden sich dabei kantenverknüpfte TiO6-Oktaeder [28]. Weicht der
Sauerstoﬀgehalt markant ab, wie z. B. für kubisches TiO oder hexagonales Ti2O3 [29]
(siehe Abb. 2.2), treten sogar ﬂächenverknüpfte Oktaeder auf.
2.1.2 Polare Phasen
Stöchiometrisches SrTiO3 durchläuft bei einer Temperatur von etwa 105K einen an-
tiferrodistortiven Phasenübergang [3437] in die tetragonale Raumgruppe I4/mcm,
wie aus tSrTiO3 < 1 zu erwarten (siehe Abschnitt 2.1). Unterhalb von 40K kündigt
sich durch die Messbarkeit der soft mode die Auslenkung des Titans aus der Mitte
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Abb. 2.2: Schematisches Phasendiagramm des ternären Systems SrTiO (nach [27]). Die Buchstaben
AG entsprechen den Eckpunkten des Drei-Phasenbereiches, in dem auch stöchiometrisches SrTiO3
zu ﬁnden ist.
des Sauerstoﬀoktaeders an [38]. Auch die temperaturabhängige Anomalie der dielek-
trischen Funktion deutet auf einen ferroelektrischen Phasenübergang hin [39]. Trotz
klarer Indizien kann dieser jedoch bis hin zu 0K nicht vollständig erreicht werden.
Anhand thermodynamischer Berechnungen kann ein Phasendiagramm aufgestellt
werden, welches die Entstehung einer polaren ferroelektrischen Phase in Abhängig-
keit von Temperatur und mechanischer Spannung im Material vorhersagt [40, 41].
Diesem Phasendiagramm folgend lässt sich Ferroelektrizität in SrTiO3 bei tiefen Tem-
peraturen nachweisen. So begünstigen Korngrenzen [42], extrinsische Dotieratome [43
46], Sauerstoﬀ-Isotopenaustausch [47, 48], mechanischer Druck [49] sowie das Anlegen
elektrischer Felder [39, 50, 51] das Entstehen der ferroelektrischen Phase. In epitak-
tischen Dünnschichten auftretende Spannungen [52] rufen ebenfalls Ferroelektrizität
hervor und geben sogar die Möglichkeit durch Verwendung entsprechender Substrate
mit unterschiedlichen Gitterfehlanpassungen die Phasenübergangstemperatur einzu-
stellen [53]. Ferroelektrizität bei Raumtemperatur tritt z. B. in homogen verspannten
Filmen mit einer Gitterdehnung von ε = 0,8% auf [41] und ist damit ebenso neuartig
wie die piezo- und pyroelektrischen Phasen in quasi-amorphen Dünnschichten [54, 55].
Des Weiteren gilt das Fehlen von Sr als Ursache für Ferroelektrizität in dünnen Schich-
ten [56, 57], was die enorme Bedeutung der Stöchiometrie und Defektchemie für die
Eigenschaften des Materialsystems erkennen lässt.
12 2 Grundlagen
Abb. 2.3: Kristallstrukturen im System SrTiO in Abhängigkeit von der Stöchiometrie  ausgewählte
Vertreter der homologen Reihen der Ruddlesden-Popper-Phasen SrO(SrTiO3)n mit n = 1, 2, 3 [23, 26,
3032] und der Magnéli-Phasen TimO2m− 1 mit m = 6, 7, 8 [33] sind gezeigt. Sr ist grün dargestellt,
Ti orange und O blau.
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2.2 Defekte in Übergangsmetalloxiden
Abweichungen von der idealen Kristallstruktur kommen in jedem Festkörper oberhalb
einer Temperatur von 0K vor. Die reale Kristallstruktur wird demnach immer von De-
fekten bestimmt. Eine energetische Betrachtung erfolgt anhand der Gibbs-Helmholtz-
Gleichung
∆G = ∆H − T ·∆S. (2.2)
Die Bildung eines Defektes ist ein endothermer Vorgang, bei dem Energie verbraucht
wird und die Enthalpie H steigt. Die freie Energie G wird demnach erhöht. Die Anwe-
senheit eines Defektes führt jedoch zu einer Erhöhung der Entropie S. Für Tempera-
turen T > 0 verkleinert der Entropieterm die freie Energie G. Jeder Festkörper strebt
ein Energieminimum an, sodass der Einbau von Defekten in die Kristallstruktur für ei-
ne bestimmte Defektkonzentration zum energetisch günstigsten und thermodynamisch
stabilsten Zustand führt  der Realstruktur.
Defekte unterscheiden sich im Wesentlichen nach ihrer Dimensionalität: nulldimen-
sionale Defekte oder auch Punktdefekte treten intrinsisch als Vakanz bzw. interstitielles
oder extrinsisch als substitutionelles Atom auf. Zu den ausgedehnten Kristallbaufeh-
lern gehören Versetzungen, die sich in Stufen- und Schraubenversetzungen unterteilen,
Stapelfehler sowie Korngrenzen, Ausscheidungen und Hohlräume.
2.2.1 Defektchemie in Strontiumtitanat
SrTiO3 gilt als Modellsystem für die Defektchemie in perowskitischen Oxiden, wel-
che üblicherweise anhand von Reaktionsgleichungen in Kröger-Vink-Notation [58] be-
schrieben wird. Aufgrund der dichtesten Kugelpackung in der ABO3-Struktur [4, 16]
dominieren ionische substitutionelle Punktdefekte wie Vakanzen gegenüber intersti-
tiellen Defekten. Die Bildung von Schottky-Defekten gegenüber Frenkel- und Anti-
Frenkeldefekten wird begünstigt [5961], wobei eine partielle SrO-Fehlordnung domi-
niert:
Sr×Sr + O
×
O
⇀↽ V′′Sr + V
••
O + SrO
Die Entstehung von Strontiumvakanzen bedingt einen Sr-Überschuss, der durch Re-
aktion mit atmosphärischem Sauerstoﬀ entweder durch die Bildung von Ruddlesden-
Popper-Phasen [60, 6264] oder SrO-Ausscheidungen auf der Oberﬂäche [6467] kom-
pensiert wird. Die Bildung von Titanleerstellen gilt in diesem Zusammenhang als sehr
unwahrscheinlich [59, 68], da die hohe Ladung der Titanvakanz dazu beiträgt, dass
das Ti-Ion bevorzugt im stabilen Sauerstoﬀoktaeder verbleibt und diese energetisch
günstige Position beibehält.
Da die verschiedenen Defektkonzentrationen (nachfolgend in eckigen Klammern an-
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gegeben) immer eine Funktion thermodynamischer Variablen sind und ferner auch
durch Dotieratome bestimmt werden, gibt es eine Vielzahl von Defektgleichgewichten
in Abbhängigkeit der vorherrschenden Temperatur [69]. Im Wesentlichen lassen sich
drei Temperaturbereiche unterscheiden. Für Temperaturen T < 550K gilt SrTiO3 als
geschlossenes System, da es keinen stoichen Austausch mit der Atmosphäre anstrebt.
Nur die internen Gleichgewichte für die thermische Anregung von Elektronen und Lö-
chern
∅⇀↽ e′ + h•,
die Ionisierung intrinsischer ionischer Punktdefekte
V×O ⇀↽ V
•
O + e
′ ⇀↽ V••O + 2e
′
V×Sr ⇀↽ V
′
Sr + h
• ⇀↽ V′′Sr + 2h
•
und Akzeptoren
Acc×Ti ⇀↽ Acc
′
Ti + h
•
sind aktiv. Zudem ist die Bildung von Akzeptor-Sauerstoﬀvakanz-Clustern {Acc′Ti − V••O }•
möglich [69, 70].
Für T > 750K gewinnt die Kinetik der Oberﬂächenaustauschreaktion an Bedeutung
und das Gleichgewicht zwischen Oxid und Atmosphäre stellt sich ein. Dafür lässt sich
nicht nur die Reaktion mit molekularem Sauerstoﬀ (vgl. Abschnitt 2.2.2), sondern auch
mit Wasser, formulieren:
H2O + O
×
O + V
••
O
⇀↽ 2OH•O.
Der Einbau von Wasser erfolgt dabei über Sauerstoeerstellen und führt vor allem in
akzeptordotiertem SrTiO3 zu beweglichen protonischen Defekten [71], welche durch das
Volumen diﬀundieren und Protonenleitfähigkeiten von 10−2 Ω−1cm−1 erreichen [72].
Bei Temperaturen über 1300K werden Metallkationenvakanzen, wie z. B. V′′Sr, mobil,
sodass sie für das Defektgleichgewicht betrachtet werden müssen. Für die Aufrechter-
haltung der Ladungsneutralität im Kristall gilt unabhängig vom Temperaturbereich,
dass immer alle geladenen Defekte im Gleichgewicht sein müssen:
[e′] + [Acc′Ti] + [V
′
Sr] + 2 [V
′′
Sr] = [h
•] + [V•O] + 2 [V
••
O ] + [OH
•
O] +
[{Acc′Ti − V••O }•] .
2.2.2 Sauerstoﬀvakanz
Der bedeutendste Defekt in funktionellen Oxiden ist die Sauerstoﬀvakanz V••O , wobei
ihre Entstehung und Konzentration stark von Temperatur T und Sauerstoﬀpartial-
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druck pO2 abhängen [16]. Diesen Zusammenhang liefert das Massenwirkungsgesetz:
KRed(T ) = K
◦
Red exp
(
−∆HRed
kBT
)
= [V••O ] [e
′]2 p
1
2
O2
(2.3)
mit der Bildungskonstante für Sauerstoﬀvakanzen KRed, der Enthalpie ∆HRed, der
Boltzmannkonstante kB [60] und Elektronendichte [e′]. Somit kommt es im Vakuum
zur Reduktion und der damit verbundenen Induzierung von Sauerstoeerstellen ([V••O ]
steigt), wohingegen bei hohen pO2 die Sauerstoﬀvakanzkonzentration minimiert wird.
Die Bildung einer zweifach positiv geladenen Sauerstoﬀvakanz erfolgt nach der fol-
genden defektchemischen Reaktionsgleichung:
O×O ⇀↽ 1/2 O2 + V
••
O + 2e
′.
Das Einbringen von Sauerstoﬀfehlstellen geht mit dem Ausbau von molekularem Sau-
erstoﬀ und der Freisetzung zweier Elektronen einher, die entweder frei, an der Vakanz
oder am Übergangsmetallion lokalisiert sein können. Der Sauerstoﬀdefekt in Oxiden
verursacht zusätzliche Energieniveaus in der Bandlücke, die aufgrund ihrer Lage nahe
zum Leitungsband als intrinsische Donatoren [60, 73] gelten, welche einen starken Ein-
ﬂuss auf die elektronischen Eigenschaften zeigen [73, 74]. Je nach Ionisierungsgrad des
Defektes berichtet die Literatur verschiedene Defektniveaus [27, 60, 75].
Akkumulieren sich Sauerstoﬀvakanzen nah beieinander, beﬁnden sich sogar im selben
oder in angrenzenden Sauerstoﬀoktaedern, werden diese als Sauerstoﬀvakanz-Cluster
bezeichnet [76, 77]. Die Literatur liefert dazu verschiedene Modelle. So berechnen
Shanthi et al. [76] Cluster-Zustände, welche sich 0,5 eV unterhalb der Leitungsband-
kante beﬁnden. Die in diesen Midgap-Zuständen lokalisierten Elektronen tragen somit
nicht zur Leitung bei. Die von Cuong et al. [77] berechnete Divakanz weist ebenso lokali-
sierte Elektronen auf, die sich in den 3d-Zuständen des Übergangsmetallions aufhalten.
Oberhalb einer Vakanzkonzentration von 1019 cm−3 kommt es zur Aufhebung der Iso-
lation dieser Defekte, denn die Überlagerung der Donatororbitale führt zur Ausbildung
von Defektbändern, die nun wiederum zum Ladungstransport beitragen [3, 78].
Der Nachweis von Sauerstoﬀvakanzen gelingt über die Anwesenheit von freien La-
dungsträgern [7981], Zuständen in sowie Reduktion der Bandlücke [80, 82, 83], Än-
derung der Lage von Absorptions- oder Ionisationskanten und Verschiebung von Bin-
dungsenergien infolge der Reduktion des Übergangsmetallions der B -site [84, 85], aber
auch durch die Erhöhung der elektrischen Leitfähigkeit [16, 60, 8688]. Die Quantiﬁ-
zierung hingegen gestaltet sich aufgrund der geringen Konzentration im Bereich von
1016 cm−3 als Herausforderung, da die meisten spektroskopischen Methoden höhere
Nachweisgrenzen besitzen. Um die Sensitivität für Sauerstoeerstellen zu erhöhen, wer-
den in der Literatur Experimente an dotiertem SrTiO3 unternommen [8993], welche
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die Komplexierung mit Übergangsmetallionen nutzen, um die Sauerstoﬀvakanzkonzen-
tration mithilfe des Oxidationszustandes eines benachbarten substitutionellen Defektes
in der Struktur zu bestimmen.
2.2.3 Extrinsische Defekte
Substitutionelle extrinsische Defekte in ABO3-Verbindungen können als A-site oder
B -site Dotierung vorkommen [4, 5, 59, 68]. Je nach Valenzzustand des Fremdatoms
handelt es sich dann um einen Donator oder Akzeptor, wobei auch eine ladungsneu-
trale Substitution möglich ist. Die Dotierungen in SrTiO3 gestalten sich vielfältig [59]:
mono-, di- und große trivalente Ionen substituieren Sr, kleine Ionen mit hoher Ladung
nehmen Ti-Gitterplätze ein, tetravalente Ionen mit großen Ionenradien sind auf Sr-
und mit kleinen Ionenradien auf A- sowie B -Gitterplätzen zu ﬁnden. Eine andere Art
der Klassiﬁzierung liefert das Periodensystem der Elemente, denn in der Regel beset-
zen Seltenerdionen A- und Übergangsmetallionen B -sites [94]. Die Elektroneutralität
wird bei Akzeptoren durch Sauerstoﬀvakanzen gewährleistet, wobei es zur Assoziation
beider Defekte und damit zur Ausbildung von ortsfesten Akzeptor-Sauerstoﬀvakanz-
Komplexen kommt [70, 9496]. Ladungskompensation für Donatoren lässt sich entwe-
der durch Metallkationenvakanzen oder, eher unwahrscheinlich, mit Sauerstoﬃntersti-
tialen erreichen [68]. Für den Fall der Donatordotierung auf der A-site gekoppelt mit
einer Akzeptordotierung auf der B -site handelt es sich um eine Selbst-Kompensation
der Ladungen [68].
2.3 Transportphänomene
Transporteigenschaften werden in Oxiden zumeist durch Fremdatome oder Abwei-
chungen in der Stöchiometrie bestimmt [3], denn Defekte ermöglichen es, dass sich
Atome, Ionen oder Defektspezies durch das Kristallgitter des ionischen oder kovalent
gebundenen Festkörpers bewegen [97]. Dabei werden im Wesentlichen zwei Transport-
phänomene unterschieden: Diﬀusion, welche die Teilchenbewegung entlang eines Kon-
zentrationsgradienten und ionische Leitfähigkeit, die den Ionentransport infolge eines
elektrischen Feldgradienten beschreibt.
Teilchentransport (A(x) ⇀↽ A(x′)) folgt immer externen Triebkräften ∇µ˜ und kann
durch chemische Potentiale∇c, elektrische Felder∇φ oder eine Kombination aus beiden
bedingt sein, wobei βT eine Proportionalitätskonstante darstellt. Der Gesamtstrom jT
besteht demnach aus einem Diﬀusionsstrom jDiff und einem Driftstrom jDrift:
jT = jDiff + jDrift = βT(−∇µ˜) = −βchem∇c− βelek∇φ (2.4)
2.3 Transportphänomene 17
Sowohl reine Diﬀusion (∇φ = 0) als auch ionische Leitung (∇c = 0) sind Grenzfälle
der linearen irreversiblen Thermodynamik. Ableitend von Gleichung (2.4) lassen sich
die Diﬀusionsstromdichte jDiff und die Driftstromdichte jDrift wie folgt beschreiben:
jDiff = −D∇c, (2.5)
jDrift = −σ∇φ. (2.6)
Mobile Ladungsträger k jeglicher Art, sowohl ionische als auch elektronische, tragen
als Produkt von Konzentration [k], Ladung zke0 und Mobilität µk additiv zur elektri-
schen Leitfähigkeit σ =
∑
σk =
∑
zke0µk [k] bei. Defektmobilitäten sind um einige
Größenordnungen geringer als die Beweglichkeiten für Elektronen und Löcher [3], was
bedeutet, dass die Leitfähigkeit von elektronischen Ladungsträgern dominiert wird,
wenn sie ausreichend konzentriert sind. Ist dies jedoch nicht der Fall, gelten die io-
nischen Defektspezies als geschwindigkeitsbestimmend für den Gesamtstrom. Anhand
dieser Zusammenhänge folgt die gerichtete Bewegung (in x-Richtung) eines Punktde-
fektes k im elektrischen Feld E [98, 99]:
jk = −Dk ∂ [k]
∂x
+
zk
|zk|e0µk [k]E. (2.7)
Weiterhin lässt sich zwischen der Beweglichkeit µk und dem Diﬀusionskoeﬃzient Dk
ein Zusammenhang aufstellen, denn im thermodynamischen Gleichgewicht verschwin-
det einerseits der Gesamtstrom jT des Systems und andererseits gilt die Boltzmann-
verteilung. Beide Annahmen sind nur erfüllt, wenn die Nernst-Einstein-Beziehung gilt:
µk =
|zk|e0Dk
kBT
. (2.8)
Diﬀusionskoeﬃzienten zeigen starke Abhängigkeiten über mehrere Größenordnun-
gen von unterschiedlichen Faktoren, wie Temperatur [5, 100, 101], Sauerstoﬀpartial-
druck [102104], Mikrostruktur [105], Stöchiometrie [5, 106], aber auch von kristal-
lographischen Richtungen in der Kristallstruktur [107]. Zudem sind sie experimentell
schwer zugänglich, da ihre Bestimmung eigentlich anhand der Bewegung eines einzelnen
Ladungsträgers erfolgen müsste, was aufgrund der Aufrechterhaltung der Elektroneu-
tralität ausgeschlossen ist. Dessen ungeachtet gibt es Lösungsansätze zur Bestimmung
von phänomenologischen Diﬀusionskoeﬃzienten, welche in drei unterschiedlichen Ex-
perimenten beschrieben werden [100, 108]. Abbildung 2.4 zeigt schematisch die Dif-
fusionsexperimente zur Bestimmung a) des Selbstdiﬀusionskoeﬃzienten DQ, b) des
Tracer-Diﬀusionskoeﬃzienten D∗ und c) des chemischen Diﬀusionskoeﬃzienten Dδ.
Für die ersten beiden Fälle sind keinerlei Wechselwirkungen der Teilchen im Fest-
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Abb. 2.4: Schematische Darstellung drei verschiedener Experimente zur Ermittlung der phänomeno-
logischen Diﬀusionskoeﬃzienten: a) (stationäres) Leitfähigkeitsexperiment, b) Tracer-Experiment und
c) chemisches Einbauexperiment (nach [108]).
körper relevant. Daher gilt Dδ als wichtigster Diﬀusionskoeﬃzient, da er zum einen
die Kinetik von Änderungen der Zusammensetzung beschreibt und zum anderen die
Ladungsneutralität bei der Diﬀusion geladener Teilchen berücksichtigt. In einem io-
nischen Festkörper, z. B. in einem Übergangsmetalloxid, bewegen sich Sauerstoﬃonen
oder -vakanzen unter Betrachtung einer entgegengesetzt wandernden Spezies gleicher
Ladung. Dieses Phänomen wird als ambipolare Diﬀusion bezeichnet. An dieser Stelle
sei auch darauf hingewiesen, dass die Diﬀusionskoeﬃzienten für einen intrinsischen De-
fekt aufgrund der niedrigeren Konzentration gegenüber dem entsprechenden Ion erhöht
sind [61, 109]. Für Sauerstoeerstellen gilt dann DVO [VO] = DO [O].
Bei Diﬀusion oder Migration handelt es sich um einen thermisch aktivierten Teil-
chentransport, dessen elementarster Teilprozess der Sprung eines Atoms, Ions oder De-
fektes entlang des Kristallgitters ist. Damit einher geht immer die Überwindung einer
speziﬁschen Energiebarriere EA von einer Gleichgewichtslage in eine andere. Die Tem-
peraturabhängigkeit dieses Hopping-Prozesses kann mithilfe der Arrheniusgleichung
beschrieben werden:
jT ∝ exp
(−EA
kBT
)
(2.9)
Im Hopping-Modell gibt es im Wesentlichen zwei Mechanismen für die Bewegung von
Ionen oder Defektspezies [101]: den Vakanzmechanismus, in dem ein Ion oder Defekt
von einer Gitterposition zu einer benachbarten unbesetzten springt und den Interstitial-
mechanismus, der die Bewegung eines Zwischengitterions zu einer benachbarten äqui-
valenten Position beschreibt. Typische Migrationsbarrieren EA liegen für ionische Fest-
körper bei 0,05...1,1 eV [101], welche im Vergleich zu Defektbildungsenergien wesentlich
geringer sind. Faktoren, die die Aktivierungsenergie beeinﬂussen, sind Dotierelemen-
te [70, 110, 111] und ausgedehnte Defekte, wie Versetzungen [69, 112, 113]. Die berich-
teten Migrationsbarrieren für die Migration von Sauerstoﬀvakanzen in SrTiO3 liegen im
Bereich von 0,62...0,67 eV [69, 77, 112, 114117]. Ferner steigt für Perowskite die Akti-
vierungsenergie für den Sauerstoﬀtransport mit abnehmender A-Kationen-Leerstellen-
Konzentration [5], wohingegen eine Abnahme von EA für kleinere A- und große B -
Ionen [118] berichtet wird.
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2.3.1 Elektrische Leitfähigkeit
Stöchiometrisches SrTiO3 gilt als oxidischer Halbleiter und besitzt eine indirekte Band-
lücke von 3,22...3,25 eV [119, 120]. Es handelt sich um einen gemischten Leiter [121,
122], der gleichzeitig sowohl ionische als auch elektronische Leitfähigkeit σ aufweist:
σ = e0µe [e
′] + e0µh [h•] + 2e0µV••O [V
••
O ] + 2e0µV′′Sr [V
′′
Sr] + · · · (2.10)
wobei e0 die Elementarladung, µe, µh, µV••O , µV′′Sr die Beweglichkeit der Elektronen, Lö-
cher, Sauerstoﬀ- und Strontiumvakanzen sowie [e′], [h•], [V••O ], [V
′′
Sr] die jeweiligen Kon-
zentrationen darstellen. Die Mobilitäten elektronischer Defekte sind dabei um mehrere
Größenordnungen höher [123] als die der in SrTiO3 vorhandenen ionischen Defektarten,
welche in folgendem Verhältnis stehen [61, 105]: µV••O > µV′′Sr . Die Kationendefekte sind
im Wesentlichen bis Temperaturen von 1300K ortsfest [61, 98] und tragen damit nur
bedingt zur Leitung bei. Ferner können ionische bzw. defektchemische Beiträge für die
Leitfähigkeit aufgrund der hohen Ladungsträgerdichte elektronischer Defekte in diesem
Temperaturbereich vernachlässigt werden [60]. Bei Raumtemperatur ist die Leitfähig-
keit dagegen verschwindend gering, da weder massive thermische Aktivierung von Elek-
tronen ins Leitungsband noch Platzwechsel von Ionen oder Defekten stattﬁnden. Um
beide Prozesse zu stimulieren, werden Leitfähigkeitsmessungen zumeist bei hohen Tem-
peraturen in Abhängigkeit vom Sauerstoﬀpartialdruck durchgeführt. Die Verknüpfung
der Gleichungen (2.3) und (2.10) zeigt diesen Zusammenhang in Form von Leitfähig-
keitsisothermen [16, 60, 88], welche einen Wechsel von n- zu p-Leitfähigkeit darlegen.
Ferner kann in SrTiO3 ein Isolator-Metallübergang durch Dotierung, z. B. von Lanthan
für Strontium [76, 124], oder Sauerstoﬀvakanzen [73, 74, 125] erreicht werden.
2.3.2 Elektroformierung
Oxide sind in Bauteilen, wie z. B. in Kondensatoren oder resistiven Speichern, durch
die fortschreitende Miniaturisierung [126, 127] permanent hohen elektrischen Feldern
ausgesetzt und werden stark beansprucht. Als Versagensmechanismen können der di-
elektrische und thermische Durchbruch sowie die Degradation des elektrischen Wi-
derstandes [93] benannt werden. Letzterer ist dabei durch einen langsamen Anstieg
der Leckströme bei gleichbleibender Temperatur und äußerem elektrischen Feld ge-
kennzeichnet [93] und hängt in erster Linie von der elektrischen Feldstärke, aber auch
vom Elektrodenmaterial und der vorherrschenden Temperatur ab [128130]. Die Wider-
standsdegradation tritt typischerweise in akzeptordotierten perowskitischen Dielektrika
auf, wo Akzeptoren durch vorhandene Sauerstoﬀvakanzen kompensiert werden [131].
In neuartigen nichtﬂüchtigen Datenspeichern mit Übergangsmetalloxiden als Dielek-
trika, sogenannten RRAMs [7, 8], wird die zeitliche Abnahme des Widerstandes als
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Abb. 2.5: Numerische Simulation der Verteilung der Sauerstoﬀvakanzkonzentration während eines
Elektrokolorationsexperimentes für einen Fe-dotierten Einkristall bei einer Temperatur von 465K
und einer elektrischen Feldstärke von 2,7 kV/cm für drei verschiedene Zeitintervalle: (a) t = 0,08h,
(b) t = 0,18h und (c) t = 0,63h (entnommen aus [93]). Die Verteilung der Sauerstoﬀvakanzen ändert
sich mit fortschreitender Zeit, wobei sie an der Anode abreichern und an der Kathode akkumulieren.
Der schwarze Farbbalken symbolisiert die sich ausbreitende Farbfront im Kristall, welche auf der
anodenseitigen Oxidation des Fe3+ zu Fe4+ basiert.
Formierung der dünnen Oxidschicht genutzt, um anschließend mit geeigneten Span-
nungspulsen zwischen einem Zustand niedrigen und hohen Widerstandes hin und her
zu schalten.
Die zeitliche Änderung des elektrischen Widerstandes eines Dielektrikums bei ange-
legtem äußeren elektrischen Feld  auch Elektroformierung  führt zur Umverteilung
von mobilen geladenen Defekten im Material. In Oxiden kommt es dabei zur Migration
von Sauerstoeerstellen, welche eine Defektpolarisation zur Folge hat (Reduktionsmo-
dell [93]). So akkumulieren V••O an der Kathode und depletieren an der Anode. Leitfähig-
keitsmessungen senkrecht zur Richtung der Elektroformierung und dem entstehenden
Konzentrationsgradienten zeigen zwischen Kathode und Anode daher ein markantes
Proﬁl von n- zu p-Leitfähigkeit [132]. Diese Defektumverteilung wird auch mittels Elek-
trokolorationsexperimenten an akzeptordotierten SrTiO3-Kristallen [92, 132136], wel-
che die Änderung der Valenzzustände an Übergangsmetallionen durch Redoxprozesse
nutzt, bestätigt. Eine Vielzahl solcher Untersuchungen wurden an Fe-dotiertem SrTiO3
durchgeführt [8, 93, 132, 135, 137]. Abbildung 2.5 zeigt exemplarisch die Entwicklung
der Verteilung der Sauerstoﬀvakanzkonzentration während der Elektroformierung für
drei unterschiedliche Zeiten. Da es sich um einen Fe-dotierten Kristall handelt, geht die
Umverteilung der Sauerstoeerstellen mit dem Voranschreiten einer Farbfront einher,
welche anodenseitig durch die Oxidation des Dotierelementes von ursprünglich Fe3+
zu Fe4+ verursacht wird [93, 137]. Elektrokolorationsexperimente an verschieden ak-
zeptordotiertem SrTiO3, mit Al, Ni und Fe, zeigen eine deutliche Abhängigkeit ihrer
Degradationsgeschwindigkeit und Aktivierungsenergie vom jeweiligen Dotanten [93].
Ferner haben Korngrenzen einen wesentlichen Einﬂuss auf die Migration von Sauer-
stoﬀdefekten, denn sie gelten in diesem Zusammenhang als Migrationsbarrieren [138].
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Vacuum annealing is a widely used method to increase the electric conductivity of SrTiO3 single
crystals. The induced oxygen vacancies act as intrinsic donors and lead to n-type conductivity.
Apart from the changed electronic structure, however, also crystal structure modiﬁcations arise
from this treatment. Hence, electronic properties are determined by the interplay between point
defects and line defects. The present paper provides a survey of the real structure of commercially
available SrTiO3 single crystals and the changes induced by reducing vacuum heat-treatment. There-
fore, all investigations were performed ex situ, i.e., after the annealing process. Used characterization
methods include atomic force microscopy, transmission electron microscopy, spectroscopic ellipsometry,
infrared spectroscopy, and photoluminescence spectroscopy. Besides the expected variation of bulk
properties, especially surface modiﬁcations have been detected. The intrinsic number of near-surface
dislocations in the samples was reduced by vacuum annealing. X-ray photoelectron spectroscopy
proves the existence of a layer of adsorbed molecules, which inﬂuences the SrTiO3 work function.
Also, the interaction between adsorbates and surface point defects as well as laser annealing due to local
oxygen absorption are discussed.VC 2011 American Institute of Physics. [doi:10.1063/1.3638692]
I. INTRODUCTION
Being a model substance for perovskite transition metal
oxides, strontium titanate is a well-known and often charac-
terized material.1,2 At the same time it promises applications
ranging from high-k dielectrics3 to the upcoming ﬁeld of non-
volatile resistance random access memories.4,5 Some already
established applications like oxygen sensors make use of the sen-
sitivity of SrTiO3 to the surrounding oxygen partial pressure.
6
All these functionalities are coupled to the redistribution of oxy-
gen vacancies within the bulk and near the surface regions.
Regarding SrTiO3 as a wide-bandgap semiconductor
and oxygen vacancies as donor centers, it becomes obvious
that the electric conductivity can be greatly enhanced by
introducing more vacancies.7 Controlled by several mass
action constants, the exchange of oxygen with the surround-
ing atmosphere is only possible at elevated temperatures
because a sufﬁcient oxygen mobility is required.8 Annealing
in vacuum leads to a loss of oxygen, while high oxygen par-
tial pressure during temperature treatment annihilates exist-
ing vacancies.6
The interaction between oxygen atoms in SrTiO3
and the surrounding oxygen atmosphere is commonly6,8,9
described by reactions like
VO þ
1
2
O2ðgÞÐOO þ 2hor (1)
OOÐVO þ 2e0 þ
1
2
O2ðgÞ: (2)
Here, the Kro¨ger-Vink notation10 was used denoting the
charges (superscripts) relative to the occupied lattice posi-
tions (subscripts) so that VO represents a doubly charged ox-
ygen vacancy and OO
X describes an uncharged oxygen at its
lattice position. Depending on oxygen partial pressure and
temperature one reaction, one direction is favored, so that an
excess of electrons e´ or holes h may exist in thermal equi-
librium. These reactions are typically realized in the temper-
ature range between 800 and 1000 C.6 For a ﬁxed
temperature, e.g., of 900 C, the electric conductivity can be
tuned by changing the oxygen partial pressure pO2 of the
surrounding atmosphere. Low pO2 induces additional con-
duction band electrons and n-type conductivity. High pres-
sure leads to holes and p-type conductivity. For medium
pressure values, an intrinsic conductivity results, which is
superimposed by ionic conductivity of the oxygen vacan-
cies.8 Therefore, strontium titanate is often called a mixed
electronicionic conductor. For temperatures above 1200 C,
also strontium vacancies become mobile affecting the charge
neutrality and the number of oxygen vacancies.9 For temper-
atures below approximately 430 C it is observed that the ox-
ygen vacancy concentration ½VO  is conserved, which can bea)Electronic mail: juliane.hanzig@physik.tu-freiberg.de.
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explained by a freezing of either oxygen diffusion in the
bulk or oxygen exchange at the surface.1,11
Dislocations play a key role as easy oxygen diffusion
paths, so that a localization of reaction2 takes place. The
bulk diffusion coefﬁcient can be enhanced by orders of mag-
nitude in the direction of the dislocations.12 In turn, the elec-
tronic conductivity is not homogeneous, but strongly
enhanced along reduced dislocations because the accumula-
tion of oxygen vacancies at these 1-dimensional defects
locally enhances the free electron density.12 Also, it has been
found that resistive switching may originate from the oxygen
movement along dislocation cores.5 Otherwise it is known
that 1-dimensional defects can be removed by heating
SrTiO3 in oxygen atmosphere.
13
Apart from this well-known effect of vacuum annealing
on the electric conductivity, several other observations for
heat-treated samples can be made. Some of them will be out-
lined in the present paper trying to combine them to a picture
of the interplay between point defects and line defects.
II. MATERIALS AND METHODS
All samples were of 5 5 0.1 mm3 or 10 10 0.25
mm3 size in (100) orientation obtained from CrysTec GmbH,
Berlin. To reduce the samples, they were annealed in a tube
furnace at a temperature of 900 C for varying times at a resid-
ual gas pressure of 2.0 106 mbar. Different resistivity val-
ues arise depending on the annealing times and, due to not
identical conditions of the crystal surfaces, also on the batch
of samples. Table I summarizes the resulting bulk conductiv-
ities measured after annealing. Electrical measurements were
done after evaporating the crystals with a plane front- and
backside contact of titanium. Regarding Table I it is observed
that the resistivity decreases initially with annealing time and
increases again for prolonged annealing. Similar trends have
been obtained also by Szot et al.12 This resistivity trend corre-
lates with further investigations which are discussed later.
The surface morphology of the SrTiO3 samples was
examined using a Veeco/Bruker multimode V atomic force
microscope (AFM) with an image resolution of 512 512
pixels in tapping mode.
For investigations using transmission electron micros-
copy (TEM), cross sections were prepared by broad ion mill-
ing. The used instrument was a Jeol JEM 2010 FEF,
equipped with an in-column ﬁlter, and a Gatan 1k CCD cam-
era. The experiments were performed in bright ﬁeld using a
high contrast objective aperture to apply diffraction contrast.
To determine the dislocation density of SrTiO3 some
crystals were etched, to highlight exit points of dislocations.
A solution of H2O, HNO3, and HF at a volume ratio of 2:2:1
(Ref. 14) was used for a duration of 1 min.
To analyze the stoichiometry at the surface of SrTiO3,
elastic recoil detection (ERD) was used, which is a quantita-
tive and standard free method to measure element depth pro-
ﬁles of solids and particularly of thin ﬁlms. The samples
were irradiated with a chlorine ion beam of 35 MeV under
an angle of incidence of 15. The elastically recoiled par-
ticles are ejected from the surface and detected with a Bragg
ionisation chamber at 30 scattering angle. The number of
detected atoms yields the element areal density, and the
energy of the particles provides the energy loss in the sam-
ple. Both can be combined to yield a depth distribution. The
depth resolution is approximately 15 nm. The setup used
here is described in detail in Ref. 15.
The transmission behavior of SrTiO3 single crystals in
the infrared region was investigated using a Fourier trans-
form spectrometer Bruker Tensor 27. A resolution of 4 cm1
and an aperture of 6 mm were applied.
Spectroscopic ellipsometry (SE) measurements were
performed using a Sopralab Ges 5E ellipsometer with a xe-
non lamp source. This enables investigations in the range of
250–950 nm. SE data were taken at angles of incidence of
74 and 70. From ellipsometric angles w and D the complex
refractive index bN ¼ nþ ik of the SrTiO3 crystal is obtained.
Thereby n is the refractive index and k the extinction coefﬁ-
cient which relates to the absorption coefﬁcient a ¼ 4pkk .
A Jobin Yvon labram UV-VIS HR-800 spectrometer
was used to analyze the photoluminescence (PL) of several
SrTiO3 samples. Excitation occurred via a He:Cd-laser of
325 nm wavelength achieving a maximum laser power den-
sity of 16 kW/cm2 for a spotsize of 6 mm.
The x-ray (XPS) and ultraviolet (UPS) photoelectron
spectroscopy experiments have been carried out using a
commercial PHI 5600 spectrometer, which is equipped with
two light sources. A monochromatized Al-Ka source pro-
vided photons with an energy of 1486.6 eV for XPS. Photons
with an energy of 21.21 eV from a He discharge lamp were
used to perform valence band measurements. The UPS meas-
urements used a sample bias of 9 V to obtain the correct,
sample determined, secondary electron cutoff. The total
energy resolution of the spectrometer, determined by analyz-
ing the width of the Au Fermi edge, was about 0.35 (XPS)
and 0.1 eV (UPS), respectively.
III. CHARACTERIZATION RESULTS
A. Influence of point defects
1. Infrared spectroscopy
Free charge carrier absorption was analyzed by Fourier
transform infrared spectroscopy (FTIR). Inspecting the infra-
red transmission spectra in Fig. 1, it is obvious that there are
clear differences between as-grown and annealed strontium
titanate single crystals. While the untreated sample exhibits
high transparency the heat-treated crystals show a decrease
of their transmission properties due to the reduction process,
conﬁrming the introduction of free charge carriers. To obtain
quantitative statements from these measurements, an
TABLE I. Sample preparation.
Annealing
time (h)
Thickness
(mm)
Resistivity
X cm
As-grown 0.1 2.9 1012
10 0.1 3.0 105
20 0.1 1.0 1010
20 0.25 3.3 106
40 0.25 —
60 0.1 4.2 1012
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analysis using a Drude term was performed. Charge carrier
concentrations ne¼ 5.5 1019 cm3 and ne¼ 1.4 1019
cm3 for 10 and 20 h annealed strontium titanate crystal
were obtained, respectively. For the untreated sample ne is
below the detection limit (ne  1.0 1018 cm3) of the FTIR
spectroscopy.
2. Spectroscopic ellipsometry
For ellipsometry data analysis, an optical layer model is
used. The model includes the complex refractive index
bN ¼ nþ ik of the SrTiO3 crystal and a surface roughness
layer. bNSrTiO3 is analytically expressed by a sum of Lorentz-
oscillators, representing the electronic interband and intra-
band transitions. The surface roughness layer is described by
an effective medium approximation consisting of 50% air
and 50% bulk SrTiO3 of the respective sample and a thick-
ness in the order of 1 nm. The model parameters are opti-
mized iteratively to reproduce the measured data. From the
best ﬁt of bNSrTiO3 , the position of the indirect and direct inter-
band transition (Eg
i and Eg
d, respectively) and information
on absorption from defect states in the spectral range below
Eg can be obtained.
In Fig. 2, the absorption coefﬁcient a for several
annealed SrTiO3 single crystals is given as a function of inci-
dent photon energy. This can be utilized to determine value
and character of interband transitions via the empirical rela-
tion a / Eph  Eg
 m
, where Eph is the photon energy and
Eg the bandgap transition energy. This relation describes an
indirect transition with m¼ 2 and a direct transition with
m¼ 1/2. Thus, the direct and indirect transition bandgap
energies Eg
d and Eg
i can be found by linear extrapolation of
a2(Eph) and a1=2ðEphÞ to the intersection with the abscissa,17
respectively. The values for untreated and annealed SrTiO3
crystals are summarized in Table II.
The untreated sample is characterized by values of
Eg
i¼ 3.44 eV and Egd¼ 3.75 eV, whereby Egi on the one
hand differs and Eg
d on the other hand is very close to the
values published by van Benthem et al.16 In the range of
1…3 eV, a is very low as expected for a transparent oxide
crystal. For both vacuum annealed crystals the interband
transitions are shifted by 0.05 eV toward lower energies with
respect to the untreated sample, and the sub-bandgap absorp-
tion has increased. There are no signiﬁcant differences
between the samples annealed for 10 and 20 h. For compari-
son, data obtained from a severely reduced SrTiO3 sample
with a carrier density in the order of 1.0 1020 cm3, as
determined by Hall measurements, are given in Fig. 2 and
Table II as well. Preparation details of this sample are given
elsewhere.18 The strongly reduced sample shows a shift of
Eg
i and Eg
d toward higher energies, and the sub-bandgap
absorption is clearly enhanced, which relates to the dark blue
coloring of this speciﬁc sample.
The experimental results can be understood as follows.
In moderately reduced SrTiO3 isolated electronic states due
to the formation of VO appear approximately 0.1 eV below
the conduction band minimum.19 Since the oxygen vacancies
are ionized at room temperature, these electronic states can
be ﬁlled by photo-excitation from the valence band, and in
turn the measured absorption edge is lowered by this amount.
In contrast, for strongly reduced SrTiO3, the V

O states over-
lap (in space) and form a delocalized defect band. Photo-
excitation now takes place from the valence band into the
defect band. Eg
i and Eg
d are hence shifted toward lower ener-
gies. The surface of the strongly reduced sample is partially
re-crystallized (details are discussed in Ref. 18 leading to a
large number of defects throughout the bandgap and an
increased a in the range between 1 and 3 eV.
FIG. 1. (Color online) Infrared transmission spectra for differently annealed
SrTiO3 samples. Symbols denote the measurement and solid lines represent
the data ﬁt.
FIG. 2. (Color online) Absorption coefﬁcients a as obtained from ellipsome-
try measurements for untreated and differently reduced SrTiO3 crystals. The
inset shows the determination of the direct bandgap by interpolation of a2.
TABLE II. Direct and indirect band transition energies for different
samples.
Sample Direct bandgap eV Indirect bandgap (eV)
As-grown 3.75 3.44
10 h annealed 3.67 3.21
20 h annealed 3.67 3.21
Strongly reduced 3.72 3.16
van Benthem et al.16 3.75 3.25
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3. Summary
In summary, it is obvious that annealing introduces free
charge carriers in the crystal as can be seen by IR spectros-
copy. Normally, in terms of point defect chemistry we expect
that the free charge carrier density increases with annealing
time until an equilibrium is established. However, our results
do not verify this straightforward approach and lead us to the
investigation of line defects.
B. Influence of dislocations
1. Atomic force microscopy
AFM surface imaging shows the reconstruction of the
SrTiO3 surface due to the vacuum annealing. Untreated
strontium titanate exhibits a typical terrace structure with a
step height of approximately half a lattice parameter, i.e.,
2.0 A

(see Fig. 3(a)). The heat treated sample reveals a
changed surface consisting of sharper and more rectangular
steps (see Fig. 3(b)). This can be explained by a rearrange-
ment of the terraces during heat treatment to reduce surface
energy. A formation of secondary phases in terms of islands,
e.g., SrO or TiOx (see Refs. 20 and 21), could not be found.
2. Transmission electron microscopy
To investigate the development of extended defects due
to vacuum annealing, transmission electron microscopy was
performed (see Fig. 4). Apparently, there are plenty of
directed and undirected dislocations near the surface region
in the as-grown strontium titanate crystal. Typical directions
of the dislocation lines include h100i and h110i as expected
from other studies.22 The density of line defects decreases in
direction of the bulk and vanishes about 400 nm from the
surface.23 The results derived from TEM images were con-
ﬁrmed by etch pit density measurements. A dislocation den-
sity of 4.3 109 m2 for an as-grown crystal and of
2.5 109 m2 for an annealed sample were measured. The
extended defects can be attributed to cutting and polishing
processes during sample preparation. In comparison, the
vacuum annealed sample exhibits a signiﬁcantly lower dislo-
cation density which can be interpreted as annealing of the
1-dimensional defects during heat treatment.
C. Interaction with atmosphere after annealing
So far our results indicate that on the one hand, line
defects in the near surface region are reduced during vacuum
annealing. On the other hand, the exchange of oxygen at the
FIG. 3. AFM images of the surface structure of an as-grown (a) and an
annealed (b) SrTiO3 sample.
FIG. 4. Transmission electron microscopy images of (a) an as-grown and
(b) an annealed SrTiO3 sample perpendicular to the (100) surface.
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surface and the introduction of point defects in the crystal,
and hence free charge carriers, during vacuum annealing, are
prevented. In this respect, the crystal surface determines the
electric properties of the crystal and is, therefore, further
investigated here. Another aspect known from literature,
which will be considered, is that reduced (111) strontium ti-
tanate surfaces exhibit an enhanced reactivity compared to
stoichiometric ones.24
1. Elastic recoil detection analysis
Element composition depth proﬁles of all elements
detected in an as-grown strontium titanate crystal are dis-
played in Fig. 5(a). The depth from the surface is given in
terms of atomic areal densities in the order of 1.0 1015
atoms/cm2. Assuming a bulk density of SrTiO3 of 5.13 g/
cm3 or 8.4 1022 atoms/cm3, the proﬁles extend to a depth
of 300 nm. Deviations from SrTiO3 bulk stoichiometry could
not be detected within the error limit of the method (3.0 at.
% near the surface and 1 at. % in the bulk) over the complete
depth proﬁle of the untreated as well as the annealed sam-
ples. In particular, no evidence of a TiOx enrichment at the
surface after annealing, as reported in Refs. 20 and 21, was
found. Hydrogen was detected in all samples in the near sur-
face region up to approximately 50 nm depth. Further into
the bulk the H-concentration drops below the detection limit.
The average hydrogen concentration in the region of 50 nm
below the surface is 1.7 at. % in untreated SrTiO3, 2.0 at. %
after 10 h annealing, and only 0.4 at. % the sample after 20 h
annealing. It should be noted that all ERD measurements
were done at considerable time after the annealing experi-
ment. Hence, the results allow the conclusion that annealing
reduces the incorporation of hydrogen from the atmosphere
into the SrTiO3 sub-surface region.
2. Photoluminescence spectroscopy
Exciting the differently annealed strontium titanate sin-
gle crystals with a He:Cd Laser (wavelength k¼ 325 nm), all
exhibit blue luminescence with the crystal edges appearing
brighter. Fig. 6 shows the photoluminescence spectra
measured in air and N2 atmosphere. The use of different
atmospheres enables us to investigate the interaction of near-
surface defects with the surrounding gases. For reasons of
comparability, all spectra were normalized in respect to the
intensity of the peak at 520 nm.
The photoluminescence spectra measured in air (see
Fig. 6(a)) display no signiﬁcant diversity in their characteris-
tics. A broad luminescence band is present in the range of
380–600 nm with a maximum at 520 nm. According to
Longo et al.,25 such a spectrum can be interpreted as a disor-
dered surface creating several localized bandgap states. Fur-
thermore, there exist two weak shoulders at 430 and 595 nm.
The signal at 595 nm originates from iron impurities in the
Fe4þ ionisation state.26 The existence of Fe contamination in
the SrTiO3 crystals investigated here has been conﬁrmed by
atomic emission spectroscopy (not shown). The shoulder at
430 nm is attributed to surface point defects related to oxy-
gen vacancies, which is discussed in the following.
The spectra measured in nitrogen atmosphere at room
temperature show clear differences between as-grown and
annealed strontium titanate crystals. The 430 nm peak is
comparatively reduced for the as-grown crystal. For the
annealed samples, both shoulders at 430 and 595 nm appear
more pronounced against the luminescence band around 520
nm. No clear trend with annealing time can be observed;
however, the peak intensities of the 430 and 595 nm signal
behave inversely.
This leads to the conclusion that the defect leading to
the 430 nm PL band is located directly on the surface and
chemically interacts with the atmosphere, as interactions
between nitrogen gas and the strontium titanate volume are
unlikely at room temperature. Additionally, we suggest that
in nitrogen (see Fig. 6(b)) the initial state after annealing is
visible. In comparison, the spectra in air (see Fig. 6(a)) show
identical behavior for differently annealed crystals, which
can be understood by a compensation of these surface point
defects by means of hydroxyl species, which were produced
due to photocatalysis27,28 by UV laser irradiation.
The total PL intensity decreases with the duration of
laser irradiation, whereas the ratios of the observed bands
FIG. 5. (Color online) (a) Depth proﬁles of all elements contained in an as-
grown SrTiO3 crystal are shown. 2500 1015 atoms/cm2 correspond to a
depth of 300 nm. (b) Hydrogen proﬁles of differently annealed SrTiO3 sam-
ples. Symbols represent the measurement data and solid lines denote the av-
erage of ﬁve data points, respectively.
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remain constant. As an example, Fig. 7 shows the normalized
maximum PL intensity at 520 nm as a function of laser irra-
diation time for an untreated SrTiO3 single crystal. Further-
more, there are differences between measuring the time-
dependent luminescence intensity in air and in nitrogen
atmosphere. In the case with oxygen available, the photolu-
minescence signal decreases more rapidly. It can be con-
cluded that the near-surface defects producing the
luminescence are annealed under intense laser irradiation by
incorporation of atmospheric oxygen.
3. Photoemission spectroscopy
To study surface contamination and binding environ-
ments, the annealed samples were investigated ex situ by
XPS and UPS, i.e., between preparation and measurement
the crystals were exposed to atmosphere.
Fig. 8 displays the measured O1s and C1s core level
photoemission spectra for a 20 h annealed strontium titanate
sample. The presence of carbon in the spectra clearly proves
the existence of a contamination layer.
The thickness of the contamination layer is approxi-
mately 1 nm, and it consists of 63% carbon as well as 37%
oxygen. In Fig. 8(a) there are three oxygen peaks labeled I,
II, and III. The O1s peak at a binding energy of 530.6 eV is
ascribed to the titanate oxygen.29 Peak II at 531.8 eV is
attributed to hydroxyl species absorbed at the surface.30 The
third peak, having a binding energy of 533.8 eV, is related to
surface carbonate species.31 The C1s core level emission in
Fig. 8(b) also shows clearly a three-peak structure. The main
peak (285.9 eV) and the one at a binding energy of 286.8 eV
are attributed to the impurities at the strontium titanate sur-
face consisting of C-OH-compounds.32 A third structure (III)
can be found at higher binding energy and belongs to
carbonates.30
In addition, we also measured a 40 h and a 60 h
annealed SrTiO3 sample. We note that the thickness of the
contamination layer is reduced by about 50% for 40 h
annealing and by about 80% for 60 h annealing time, as
revealed by the reduction of the contamination related peak
III in the O1s photoemission signal. In other words, the 60 h
annealed SrTiO3 sample has the thinnest contamination layer
of all samples.
In Table III the work functions of the samples are sum-
marized. For the 20 h annealed sample a work function of
3.46 0.1 eV is determined using UPS. This work function is
much smaller than other values published previously. For
example, Chung et al. determined a work function of 4.2 eV
for a reduced and clean strontium titanate surface.33 We as-
cribe the reduction of the work function predominantly to
the presence of the contamination layer which terminates the
crystal. This reduction as a consequence of contamination
parallels what has been observed for other oxide surfa-
ces.34,35 It is also reminiscent of the work function reduction
of metal surfaces upon deposition of rare gases.36 Due to a
FIG. 7. The picture shows the time response of the photoluminescence
signal of a SrTiO3 single crystal during the illumination with a He:Cd
Laser whose wavelength is 325 nm. Monitoring of the intensity was done at
520 nm.
FIG. 6. (Color online) Photoluminescence spectra of several annealed
SrTiO3 single crystals during different measurement conditions: (a) air at
room temperature, (b) nitrogen atmosphere at room temperature.
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substantially reduced inﬂuence of the contamination layer,
the work functions of the other samples are very close to the
literature value.
Also, an in situ cleaning process of the SrTiO3 surface
was performed. The sample was annealed for 2 h at a tem-
perature of 511 C in a deﬁned oxygen atmosphere (gas pres-
sure of 5.0 105 mbar) to remove contamination layers.37
During this in situ cleaning the originally established oxygen
vacancy concentration is not altered since the vacancy mo-
bility is sufﬁciently low at 511 C. For the in situ cleaned
sample (60 h) a work function of 4.36 0.1 eV was measured.
This clearly indicates a clean reduced surface as described in
other references.33
IV. DISCUSSION
Our intention is to point out the changes of the optical
and electric properties in the bulk as well as the modiﬁcations
at the surface due to the annealing process in comparison with
an as-grown crystal. Therefore, the inﬂuence of adsorbed at-
mospherical species has to be included. Additionally, the
inﬂuence of 1-dimensional defects will be discussed.
A. Damaged near-surface region
All applied characterization techniques give clear evi-
dence of a highly damaged surface on as-grown strontium ti-
tanate single crystals. The near-surface real structure of such
samples is determined by a large density of dislocations up
to a depth of 400 nm from the surface. Most likely, the cut-
ting and polishing of the single crystal pieces leads to the
damaged surface. The mechanical damage that is evident by
the dislocations visible in TEM images reaches much deeper
than the chemical disorder that is conﬁned to less than 50 nm
from the surface. As can be clearly seen from transmission
electron microscopy, the extended defects decrease with
annealing time. The near-surface regions undergo a recon-
struction or even recrystallization during annealing. In spite
of that, the near-surface Sr:Ti ratio is changed only little, and
the composition is changed only by the removal of atmos-
pheric contaminations. Furthermore, the existence of a
defect-rich region near the surface was conﬁrmed by means
of spectroscopic ellipsometry measurements which exhibit a
pre-absorption below the fundamental bandedge, relating to
surface defect states. Photoluminescence spectroscopy yields
another evidence for the disordered surface assuming that
the broad luminescence band from 330 to 600 nm results
from several states in the bandgap of strontium titanate. In
combination with the detected hydrogen, this points to the
presence of a large number of electronic midgap states.
B. Influences of dislocations
As described in Sec. III A 3 an inﬂuence of the anneal-
ing time occurred that parallels the behavior previously
observed in Ref. 12. On the one hand, annealing under
reducing atmosphere introduces oxygen vacancies and, thus,
free electrons (see Eq. (2)), resulting in an increased conduc-
tivity. On the other hand, our measurements show a reduc-
tion of the dislocation density after long time annealing. The
crucial role of these line defects as easy diffusion paths for
ions and as fast conductive paths for electrons leads to a
decrease of conductivity. The interplay between these two
opposing processes leads to a maximum of free charge car-
riers and conductivity at a certain time depending on the real
structure of the crystal.
C. Bandgap shift
As already discussed, the annealing of SrTiO3 single
crystals in reducing atmosphere is known to introduce oxy-
gen vacancies and additional electrons in the conduction
FIG. 8. (Color online) Photoemission spectra of a 20 h annealed SrTiO3
sample (a) O1s core level (b) C1s core level. Note: A Sr3p1=2 peak (situated
at 280.2 eV) is also observed in the C1s region. Oxygen peak label I, II, and
III correspond to titanate oxygen,29 hydroxyl species absorbed at the sur-
face,30 and surface carbonate species.31 C1s core level emission peaks I and
II are attributed to C-OH-compounds at the SrTiO3 surface,
32 and peak III
belongs to carbonates.30
TABLE III. Determined work functions of the used SrTiO3 samples.
Annealing time work function [eV].
20 h 3.46 0.1
40 h 4.16 0.1
60 h 4.56 0.1
60 h (cleaned) 4.36 0.1
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band. Here, the vacancy formation has been conﬁrmed indi-
rectly by the increasing free carrier absorption in the FTIR
spectra, whereas the as-grown SrTiO3 sample is transparent,
which leads to the expected conclusion that untreated stron-
tium titanate reveals no free charge carriers and is an insula-
tor. In heat-treated SrTiO3 crystals the ionized oxygen
vacancies form defect states 0.1 eV below the conduction
band minimum, as indicated by the shift of Eg
i. Additional
localized defect states appear and lead to an increase of a
below the fundamental absorption edge, which for strong
reduction leads to a blue coloring of the crystal.38 Addition-
ally, the appearance of new point defects in the near-surface
region due to the reducing annealing is underlined by the
increase of the 430 nm PL band. In the following, speciﬁcally
the surface and near-surface regions of the annealed crystal
are discussed since these determine any contact formation.
D. Contamination layer and work function
ERD and XPS both indicate interactions of the crystal
surface with the atmospheric species. It should be noted that
XPS data describe the ﬁrst few nm below the surface,
whereas ERD is sensitive to the near-surface extending to
approximately 300 nm. In a similar way, the broad lumines-
cence band from 330 to 600 nm gives evidence of a variety
of point defects within the absorption length of the He:Cd
Laser of about 90 nm which interact with the surrounding
atmosphere. Also, a surface contamination layer consisting
of chemisorbed OH-groups and C-OH compounds was con-
ﬁrmed by means of XPS. Additionally ERD shows the pres-
ence of hydrogen in the crystal up to a depth of 50 nm. The
chemisorbed surface contamination and the hydrogen are
strongly reduced but still present after annealing. A TiO2
enriched surface layer, as described in several referen-
ces,20,21 could not be detected here. The surface stoichiome-
try and the surface afﬁnity to react with atmospheric
molecules play a key role to understand metal contact forma-
tion since in many cases the crystal surface is in contact with
the atmosphere before metal contacts are evaporated. This is
most evident from the increase of the work function of the
SrTiO3 surface with annealing time. Even after annealing for
20 h the SrTiO3 work function is signiﬁcantly lower than the
bulk reference value of 4.2 eV.
E. Interaction of adsorbates with surface states
PL measurements under oxygen and nitrogen atmos-
phere again reﬂect the interaction of the SrTiO3 surface with
the atmosphere. The chemisorption of polar, OH-group con-
taining molecules at oxygen vacancies very near the surface
may localize electrons from the conduction band in surface
states and thus shift the Fermi level and decrease the free
electron concentration in this region. Consequently, multiva-
lent impurity point defects such as Fe4þ change their oxida-
tion states to Fe3þ. The resulting PL spectra show a
passivation of the defect connected to the 430 nm peak in
air, and in N2 atmosphere a strong dependence of the 430 nm
and the 595 nm peak on the oxygen vacancy concentration
introduced by annealing. This is underlined by density func-
tional theory simulations of H2O chemisorption at a V

O site
in SrTiO3, which show a transition from conducting to insu-
lating due to the adsorption.39
To explain the photoluminescence results we suggest a
defect model, represented by the following defect reactions:
Real crystal volume:
VO þ 2e0 þ 2FeTiÐVO þ 2Fe0Ti: (3)
Real crystal surface:
VO þ H2Oþ 2OOÐ2OHO: (4)
In addition to the known defect chemistry in an ideal crystal
at high temperatures in vacuum (see Eq. (2)), these proc-
esses have to be added for a real crystal. Oxygen vacancies
VO as basically available point defects in reduced strontium
titanate play the key role. The equilibrium of Eq. (3) is
established during the vacuum annealing. The more oxygen
vacancies are introduced in the crystal, and the more
acceptor ions are reduced. Electrons generated during the
oxygen exchange reaction chemically reduce acceptor
impurities independent of temperature, especially iron,
resulting in a lower oxidation state and a negative charge
relative to the lattice. Remembering the Kro¨ger-Vink nota-
tion FeTi
X symbolizes Fe4þ and FeTi’ denotes Fe
3þ. As can
be seen in Eq. (4), absorption of water molecules from the
atmosphere at the surface leads to the formation of two OH-
groups at VO and O

O sites causing these hydroxyl species
to exhibit a positive charge compared to the lattice. It is im-
portant to mention that this surface equilibrium is tempera-
ture dependent and UV illumination enhances the reaction
of water species at the surface. As a consequence of such
adsorption effects localized electrons at oxygen sites
decrease the Fermi level at the surface which coincides with
the determined work functions. Finally, the connection of
these reactions in the model allows to displace the Fe
acceptor equilibrium due to the surrounding atmosphere.
We would like to emphasize that this model is conﬁrmed by
the contamination layer found by XPS and ERD.
F. Laser-annealing
It has been shown that the formation of surface defect
states may be reversed by laser illumination under oxidizing
conditions as the broad photoluminescence intensity
decreases during continued exposure of one spot. A vanish-
ing of these states with increasing annealing time was
detected, which is a proof for the recrystallization process in
the strontium titanate crystal due to heat treatment. Observ-
ing the luminescence after a time duration of 100 min with
the laser light off, the exponential decay of the PL intensity
continues persistently. These ﬁndings emphasize the local
nature and irreversibility of the laser annealing process of
the defect rich near-surface region. The existence of oxygen
species in the surrounding is a requirement for laser anneal-
ing since it is not observed in N2 atmosphere.
V. CONCLUSION
In summary, we were able to show that the vacuum
annealing of strontium titanate not only corresponds to the
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introduction of oxygen vacancies and electrons into the con-
duction band but also affects the existing line defects, which
vanish during the heat treatment. An interplay between these
two kinds of defects inﬂuences the real structure of the crys-
tal and, therefore, the conductivity of the sample. Further-
more, annealing leads to a bandgap shift and a reduction of
the contamination layer affecting the work function. For
heat-treated SrTiO3 no TiO2-rich surface phases could be
observed, verifying that no reconstruction process took
place. The damaged near-surface layer of as-grown as well
as annealed samples induces several electronic states in the
bandgap, which can be annealed by laser exposure in oxygen
atmosphere. Thus, we propose a defect model for annealed
strontium titanate describing the interaction of oxygen spe-
cies with surface states and therefore a passivation of surface
defects by the surrounding atmosphere. Furthermore, these
considerations conﬁrm the importance of oxygen vacancies
for the real structure of SrTiO3 surfaces.
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Local reversible structural changes in SrTiO3 single crystals in an external electric field are induced by oxygen
redistribution. We present in situ x-ray diffraction measurements during and immediately after electroformation.
Several reflections are monitored and show an elongation of the cubic unit cell of strontium titanate. Raman
investigations verify that the expansion of the unit cell involves a transition from the centrosymmetric to a lower
symmetry phase. During a complete formation cycle, including the hold time of the electric field and relaxation
time without field, two different dynamics are observed for the reversible transitions from cubic symmetry to
tetragonal distortion: a slow one during the increase of the lattice constant in field direction and a fast one after
switching off the electric field. Based on the experimental data, we propose the formation of a polar strontium
titanate unit cell at room temperature stabilized by the electric field, which is referred to as migration-induced
field-stabilized polar phase.
DOI: 10.1103/PhysRevB.88.024104 PACS number(s): 77.84.Bw, 61.72.J−
I. INTRODUCTION
Strontium titanate (SrTiO3) is a model material for
perovskite-type transition-metal oxides, studied for applica-
tions ranging from high-k dielectrics1 and sensors2 to resis-
tance switching random access memories (RRAM).3,4 At the
moment, several pictures of possible switching mechanisms
exist in the literature.4,5 The most common ones are as
follows:
(1) conducting filaments,3,6
(2) phase transition,7–9
(3) alteration of potential barrier,10
(4) charge carrier trapping.11,12
In particular, resistance switching in transition-metal oxides
is based on the change of electrical resistance over several
orders of magnitude and is closely related to local changes
of oxygen stoichiometry in the metal oxides. Migration of
oxygen vacancies in thermal and electric fields determines
the device performance.5 By these degradation processes of
transition-metal oxides during long-time voltage applications,
the local stoichiometry is changed. From the defect chemistry
point of view, the question arises as to how mobile species
react on an external electric field and if redistribution of mobile
species affects the stability of the crystal structure.
Oxygen vacancies are the most common defects with the
lowest formation enthalpy and a higher diffusivity and mobility
than oxygen.13 An oxygen exchange with the surrounding
atmosphere occurs if strontium titanate is stored at elevated
temperatures. Based on charge compensation, reducing condi-
tions and temperatures above 750 ◦C cause the introduction of
free charge carriers in terms of electrons, accordingly n-type
conductivity. The reaction, using Kro¨ger-Vink notation,14
V••O + 12 O2(g) ⇀↽ O×O + 2h• (1)
can be reversed in an oxidizing atmosphere. Migration of
oxygen vacancies, which act as most mobile ionic species
in SrTiO3, causes an enhanced cation and electron migration
since charge neutrality must be maintained.15 The oxygen ion
diffusion coefficient reaches a value of 1.0 × 10−10 cm2/s
at 900 ◦C;16 below a temperature of 750 ◦C no significant
oxygen diffusion can be detected. Oxygen migration takes
place via a vacancy mechanism. Therefore, the diffusion
coefficient of oxygen in ABO3 compounds depends on three
parameters: formation, migration, and association17 of oxygen
vacancies. Applying an external electric field enhances the
movement of charged particles through the crystal. By elec-
trocoloration experiments, the vacancy migration can be even
visualized.5
Since the migration of oxygen vacancies results in local
changes18 also of the cation stoichiometry, secondary phases
should be expected specifically near surfaces and interfaces
to electrodes, and the stoichiometry changes will be most
significant in these areas. The equilibium phase diagram of
SrO-TiO2 (Ref. 19) indicates possible secondary phases.20–22
For ambient pressure and temperatures up to the melting
point, at a composition of 50 mol.% of SrO and TiO2 each,
SrTiO3 in the perovskite structure is formed, which is an
insulator with high dielectric permittivity of r ≈ 300.23 For
the analysis of diffusion-induced stoichiometry changes on the
structure, we also have to consider the ternary phase diagram
of the system Sr-Ti-O.24 According to theoretical calculations,
possible structural reactions to oxygen deficiency are vacancy
ordering in planes as in brownmillerite (especially in Fe-
containing perovskites) or clustering of oxygen vacancies
to gain formation energy.25,26 In all oxygen-deficient cases,
mixed valence states of titanium exist.
Stoichiometric strontium titanate undergoes a structural
phase transition from cubic to tetragonal at a temperature
024104-11098-0121/2013/88(2)/024104(10) ©2013 American Physical Society
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Ta = 105 K accompanied by a change of the space group
from Pm¯3m to tetragonal I4/mcm. The reorganization of
the unit cell is referred to as an antiferrodistortive phase
transition. With a further decrease in temperature, polar soft
modes in the far infrared have been found.27 Cooling down
below a transition temperature of Tc = 40 K, thermodynamic
calculations28 suggest the initiation of the phase transition
to a ferroelectric phase, which is, however, not completed
even at 0 K. Thus, intensive investigations concerning the
formation of a ferroelectric phase transition in perovskites
have been reviewed recently.29 There are some possibilities
to favor the formation of a ferroelectric phase in strontium
titanate, symmetry breaking, and low temperatures. First of
all, a polar phase was found in SrTiO3 ceramics where grain
boundaries30 are assumed to cause local polarization which
is attributed to a symmetry breaking and an enhancement of
point defects compared to the averaged volume. Ferroelectric
microregions31 have been observed in strontium titanate single
crystals as a function of the impurity concentration. Epitax-
ial SrTiO3 thin ﬁlms exhibit strain-induced ferroelectricity.
There, tensile strain leads to a polarization in plane, and
a polarization perpendicular to the ﬁeld can be achieved
by a compressive strain.28,32 In contrast to the experimental
ﬁndings above, Haeni et al.33 even observed a ferroelectric
transition in strained strontium titanate thin ﬁlms close to room
temperature.
For the centrosymmetric equilibrium structure of SrTiO3 at
ambient conditions, neither ferroelectricity, piezoelectricity,
nor ﬂexoelectricity are allowed. However, the data presented
in the following indicate that a symmetry breaking induced
by point defects and the inﬂuence of an external electric ﬁeld
leads to the formation of a phase with electrical polarization
in nominally pure strontium titanate single crystals at room
temperature.
II. MATERIALS AND METHODS
All samples investigated here were single crystals of 5 ×
5 × 0.1 mm3 size in (001) orientation ordered from CrysTec
(Berlin). To prepare smooth and TiO2-terminated surfaces,
the single crystals were etched by means of a buffered HF
solution for 90 s and afterwards annealed in a tube furnace
at a temperature of 900 ◦C in air for 3 h.34 For electrical
measurements during in situ x-ray diffration (XRD) and in situ
Raman experiments, planar frontside and backside contacts of
50- or 10-nm-thick titanium were deposited via magnetron
sputtering. The titanium electrodes are transparent for x rays
and the excitation wavelength of the laser, respectively. In
this way, Ohmic contacts were achieved symmetrically on
both faces of the crystal. Also, as a second metal, aluminum
contacts have been prepared. All investigated samples showed
the same qualitative behavior, whereupon quantitative results
depend on the crystal real structure, and hence differ slightly
for each specimen.
Electroformation of the strontium titanate single crystals
was performed using bias voltages up to ±300 V. One
formation cycle consists of voltage application and relaxation
for 12 h each. During and after applying the electric ﬁeld
(values ranging from 1.0 × 106 V/m to 3.0 × 106 V/m), the
electric current ﬂow through the crystal and the XRD signal
FIG. 1. (Color online) Time-dependent current I (t) through a
SrTiO3 single crystal during formation. A selection of 8 formation
cycles (F1–F8) is shown, in which the polarity of the applied voltage
varies between +100 V and −100 V with relaxation times of 12 h.
The formation current was measured in darkness. The inset shows
the experimental setup for in situ x-ray diffraction.
were recorded. X-ray illumination increases the measured
current reversibly, thus, current drops occur on closing the
x-ray tube shutter in-between two measurements. Apart from
that, the general behavior of the I (t) evolution is reproducible
without x-ray illumination. Ex situ electrical measurements
were performed in complete absence of light. Time-dependent
current measurements have been conducted with a Keithley
K6517B electrometer with voltage source. At the same time,
in situ XRD measurements on 002 reﬂections have been
carried out using an x-ray diffractometer D8 Advance in
Bragg-Brentano geometry (Bruker AXS) with a secondary
Johansson-type graphite monochromator (Cu-Kβ radiation is
eliminated with suitable aperture). Maintained XRD data have
been deconvolved.35 To observe additionally 113 reﬂections,
a high-resolution x-ray diffractometer URD6 (Seifert FPM)
with a primary and secondary monochromator was utilized as
a triple-axis diffractometer selecting only Cu-Kα1 radiation.
Using Cu-Kα radiation with a linear attenuation coefﬁcient,36
a penetration depth of 4.6 μm (113 reﬂection) or 7 μm (002
reﬂection) is reached. The inset of Fig. 1 shows schematically
the experimental setup. While the backside contact always
acts as ground, the frontside contact can be poled positively
and negatively and thus is switched between investigating the
anode or the cathode.
Confocal micro-Raman measurements during electrofor-
mation were performed at room temperature using a Horiba
Jobin Yvon (Lille, France) Labram HR 800 spectrometer
with a charge-coupled device detector (1024 × 256 pixels).
As excitation wavelength the 532-nm line (2.33 eV) of
a frequency-doubled Nd:YAG laser was used. By passing
the laser through a 50× Olympus microscope objective
(numerical aperture 0.50) with long working distance, the
linearly polarized laser beam was focused on the sample
surface. The applied laser power density was adjusted by a
ﬁlter to 380 kW cm−2. The scattered light was collected in
backscattering geometry by the same objective and contained
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both the z(yx)z¯ and z(yy)z¯ configurations37,38 with the z
direction oriented parallel to [001] of the sample. The lateral
resolution was about 2 μm corresponding to the spot size.
As SrTiO3 is transparent in the visible spectral range, it
is possible to obtain depth-dependent information using the
confocal technique.39 In order to get information merely from
a scattering volume close to the sample surface, the diameter
of the confocal hole was carefully adjusted providing a depth
resolution of about 10 μm for the measurements. Three-point
bending tests were conducted using a Kammrath & Weiss
(Dortmund, Germany) bending module with a 200 N load
cell. The inset of Fig. 6 shows a schematic side view of
the assembly. The SrTiO3 sample was positioned between
the cover plate with a distance of the outermost supporting
points of 5 mm and the anvil. Moving the cover plate down an
external load was applied to the specimen. The influence of the
mechanical deformation of the sample on its Raman spectrum
was monitored in situ using this apparatus in the depicted
top-side mode as “sample holder” beneath the confocal Raman
microscope.
III. FIELD-INDUCED REDISTRIBUTION OF OXYGEN
Figure 1 shows the time dependence of the current I
through the SrTiO3 crystal when an electrical field is applied
over a time period of 12 h. It can be clearly seen that the
current flow through the bulk first increases to a maximum
value and afterwards decreases with a decay comparable
to the initial slope to a smaller than the primary value.
Similar results have been reported by Waser et al.40,41 for
thin films and bulk materials. For an explanation, all charged
mobile species such as anions, cations, vacancies and electrons
have to be considered as well as the requirement of charge
neutrality.
One can assume that a field-driven redistribution of oxygen
ions and oxygen vacancies, respectively, occurs related to their
twofold charge. Therefore, oxygen vacancies will be attracted
to the cathode (negative pole) whereas oxygen ions move to
the anode (positive pole). In consequence of a field-driven
redistribution of charged species in the crystal, Sr2+ ions
migrate following the O2− anions to ensure charge neutrality.
Furthermore, V••O move together with electrons in terms of
electroneutrality, which means that a redistribution of oxygen
vacancies involves an additional electronic current flow, which
contributes to the time-dependent current. At the time where
the maximum current is recorded, as many as possible V••O are
on their way to the cathode. Later, more and more vacancies
arrive at the cathode and the current decreases again. The
current maximum always occurs at a characteristic time τch
in the range of 103 . . . 104 s. Assuming a vacancy-dominated
current mechanism in the strontium titanate single crystal, a
vacancy drift mobility μVO can be calculated by using the
vacancy drift velocity vVO = sτch = μVOE, whereby s denotes
the thickness of the crystal and E the applied electric field.
With that a vacancy mobility of about 2.0 × 10−10 cm2/Vs
at room temperature can be estimated. In comparison, Blanc
et al.42 reported on an oxygen vacancy mobility of 5.5 ×
10−7 cm2/Vs at 300 ◦C.
Consecutive formation cycles started after relaxation times
of at least 12 h. It is observed that during this relaxation,
TABLE I. Redistributed charges during 8 formation cycles.
|IMax| |Qi | N cD
Formation (A) (C) (cm−3)
F1 (−100 V) 6.8 × 10−8 3.8 × 10−4 1.2 × 1015 4.8 × 1017
F2 (−100 V) 1.2 × 10−8 1.3 × 10−4 4.1 × 1014 1.7 × 1017
F3 (−100 V) 1.2 × 10−8 1.5 × 10−4 4.7 × 1014 1.9 × 1017
F4 (+100 V) 6.0 × 10−9 8.0 × 10−5 2.5 × 1014 9.9 × 1016
F5 (+100 V) 3.5 × 10−9 6.9 × 10−5 2.2 × 1014 8.7 × 1016
F6 (+100 V) 4.1 × 10−9 8.6 × 10−5 2.7 × 1014 1.1 × 1017
F7 (−100 V) 8.7 × 10−9 1.1 × 10−4 3.4 × 1014 1.4 × 1017
F8 (+100 V) 3.8 × 10−9 7.3 × 10−5 2.3 × 1014 9.1 × 1016
the SrTiO3 single crystal returns to its initial state and the
time-dependent current flow can be subsequently initiated
again. Hence, the redistribution of oxygen vacancies can be
characterized as a repeatable process.
A further interesting detail in our measurements is the
response of the crystal exposed to alternating positive and
negative bias voltages. It is possible to switch the polarity from
one formation cycle to another, obtaining a similar current
characteristic with a different sign (see Fig. 1). It has to be
mentioned that the experimental setup is completely symmet-
ric and effects of electroformation are self-compensated during
the waiting period. To eliminate the effect of photoionization
in the following calculation, we use I -t measurements which
have been performed in the absence of light. The integrated
charge Qi =
∫
I (t)dt which is flowing during each formation
cycle i, decreases with each formation cycle (see Table I).
Finally, the shifted charges Q during formation can be used
to estimate a concentration of moved twofold charged defects.
Therefore, 1014 up to 1015 twofold charged mobile species N
are redistributed in the electric field (see Table I). Relating
to the crystal volume V an intrinsic twofold charged defect
concentration cD of 1016 to 1017 cm−3 can be derived. This
estimation is in good agreement with literature values43,44 of
free charge carrier concentrations in as-grown single crystals,
which are related to oxygen vacancies [see Eq. (1)], range from
< 1017 cm−3 to < 1016 cm−3, therefore we assume that mainly
oxygen vacancies are redistributed in an external electric field.
The decreasing concentration of charged defects with each
consecutive formation cycle could originate either from a
relaxation time of the vacancy gradient by diffusion being
more than 12 h or in the formation of stable vacancy clusters,
as suggested in Refs. 25 and 26, leading to a loss of single
mobile defects available for redistribution.
IV. STRUCTURAL RESPONSE TO FIELD-INDUCED
OXYGEN REDISTRIBUTION
Suggesting the redistribution of oxygen vacancies in the
strontium titanate single crystal, we expect structural changes
in the near-surface regions, where the accumulation or de-
pletion of V••O are strongest. In the following, the structural
response to oxygen ion and vacancy migration at the anode
and cathode, as analyzed by XRD and Raman measurements,
is presented.
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FIG. 2. (Color online) Comparison of the structural response between anode and cathode of a SrTiO3 single crystal in an external electric
ﬁeld (E = 1.0 × 106 V/m). (a) Development (arrow) of a shoulder at the 002 reﬂection during formation at the anode. (b) No changes of the
intensity, position, and broadening of the 002 reﬂection during formation is observed at the cathode.
A. Broadening of x-ray reﬂections
1. Time-dependent broadening of x-ray reﬂections
During electroformation the 002 reﬂection of the SrTiO3
single crystal was monitored in the direction parallel to the
applied electric ﬁeld to obtain access to modiﬁcations in the
crystal lattice. Figure 2(a) shows XRD scans of the initial state
(red line), recorded during 12 h of electroformation (black
lines) and of the status at the end of formation (blue line). It
can be clearly seen that at the anode, where an oxygen and
strontium excess is expected, the 002 reﬂection is shifted and
broadened towards smaller diffraction angles, implying larger
lattice constants d. This indicates an increase of the unit cell in
the 〈001〉 orientation or in the direction of the applied electric
ﬁeld, respectively. The main peak corresponds to unchanged
bulk SrTiO3 and the shoulder is caused by crystal volumeswith
an enlarged d value in the ﬁeld direction. From the diffraction
angle θ of the maximum shoulder displacement of the 002
reﬂection, a lattice strain perpendicular to the surface
ε = 
d
d
= − cot θ
θ (2)
of 1.5 × 10−3 is derived for the [002] direction in the near-
surface region of the anode side at a ﬁeld of E = 1.0 ×
106 V/m. A comparison between the time constant of the
shoulder development and the formation characteristic reveals
a distinct dependency. Figure 3 shows the intensity of the
shoulder normalized to the initial intensity at the minimum
diffraction angle reached by the shoulder (corresponding
to the maximum lattice elongation). The shoulder growth
rate correlates with the current evolution (see Fig. 1). A
current plateau is accompanied by an unchanged maximum
shoulder width. After turning off the voltage, a fast and
complete relaxation of the shoulder is always observed. The
disappearance occurs within a few seconds: that leads us to
the conclusion that two different time scales are present. On
the one hand, a slow time constant governs the redistribution
of charged species, predominantely oxygen vacancies and
the structural changes in the lattice, which manifest in the
formation of a shoulder of the 002 reﬂection.On the other hand,
a fast relaxation process is present at the end of a formation
cycle, corresponding to the disappearance of an electric ﬁeld
stabilized structure only. As described before in Sec. III, the
FIG. 3. (Color online) Shoulder evolution of the 002 reﬂection at
the anode is completed within 5 h (long-time scale) and saturates in
the following. Disappearance of the shoulder occurs in a few seconds
(short-time scale).
024104-4
    	


MIGRATION-INDUCED FIELD-STABILIZED POLAR . . . PHYSICAL REVIEW B 88, 024104 (2013)
FIG. 4. (Color online) Development (black lines) of the lattice strains during formation at the anode (E = 1.0 × 106 V/m), extracted from
the (a) 002 and (b) 113 x-ray reﬂections.
relaxation of accumulated charges after formation at E = 0
is diffusion limited and occurs on the same slow time scale
as accumulation during formation. After a relaxation of about
12 h, the measurement can be reproduced with the shoulder
of the 002 reﬂection extending to the same diffraction angle
as observed previously. Hence, the elongation parallel to the
applied electric ﬁeld is reversible.
To obtain the related structural distortions perpendicular to
the electric ﬁeld, the asymmetric 113 reﬂection was measured
during electroformation in both polarities. At the anode, a
reﬂection shift to smaller diffraction angles and a formation of
a shoulder could be detected as well (see Fig. 4). Table II shows
a summary of the lattice parameter changes 
d. Assuming a
tetragonal distortion of the unit cell, the following equation
can be used to calculate the lattice plane distances dhkl :
d−1hkl =
√
h2 + k2
a2
+ l
2
c2
, (3)
where h, k, and l denote the Miller indices. Knowing the
elongation in ﬁeld direction 
c ([001]), the distortion 
a
([100]) can be evaluated from the 113 reﬂection. Thus, an
in-plane to out-of-plane deformation ratio of 
a

c
= 0.266
was determined for the measured lattice strain as shown in
Fig. 4. This is comparable to transversal contraction values
TABLE II. Maximum change of lattice parameters during forma-
tion (E = 1.0 × 106 V/m).
Reﬂection dhkl (A˚) 
dhkl (A˚) 
a (A˚) 
c (A˚)
002 1.953 2.45× 10−3 4.90× 10−3
113 1.178 8.07× 10−3 1.31× 10−4 4.90× 10−3
of cubic SrTiO3 between 0.244 (Ref. 45) and 0.224 (Ref. 46)
determined from literature elasticity tensors.
Figure 2(b) shows that during formation, no degradation of
the 002 reﬂection occurs at the cathode, where an excess of
oxygen vacancies is expected. Small changes in the intensity
of the reﬂection arise, which are attributed to minimal bending
due to clamping of the crystal. This will most likely also
occur when measuring at the anode, however, these changes
are signiﬁcantly smaller than the observed formation of a
shoulder. The position of the reﬂection and the full width at
half maximum stay nearly constant.
2. Voltage-dependent broadening of x-ray reﬂections
Figure 5(b) shows the XRD data measured in situ during
formation with varying voltages. For this experiment, the volt-
age applied accross the SrTiO3 crystal was constant at 100 V
for 6 h and then increased by 50 V and held for 6 h again
before recording theXRD scan. Themaximum applied voltage
was 300 V, then the procedure was repeated in reverse order.
These data points reveal a voltage dependence of the tetragonal
elongation. Thus, if a higher electric ﬁeld is applied, a higher
strain in the SrTiO3 crystal can be detected [see Fig. 5(a)].
Regarding the reverse measurement procedure, a small-angle
deviation at equal voltages was observed [see inset Fig. 5(b)].
This effect is discussed in Sec. VB.
B. Formation of ﬁrst-order phonons
As-grown cubic strontium titanate at room temperature
reveals only a second-order Raman spectrum because the ﬁrst-
order Raman effect is forbidden.47 All phonons in the crystal
are of odd parity which is caused by the fact that each ion oc-
cupies a lattice site with inversion symmetry. Due to the crystal
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FIG. 5. (Color online) (a) Electric-ﬁeld-dependent development of the shoulder position of the 002 reﬂection during formation at the anode.
(b) Higher elongations of the lattice constants are achieved during ﬁeld decrease compared to ﬁeld increase at the same ﬁeld.
orientation andmeasurement geometry, only longitudinal optic
(LO) phonons can be detected. In order to obtain information
as surface sensitive as possible, a confocal aperture was used
which provides a depth resolution of about 10 μm. Thus,
focusing the laser beamon the sample surface theRaman signal
originates mainly from the topmost layer of the SrTiO3 crystal
allowing us to distinguish between the effects on the cathode
and anode sides. This is supported by the analysis of confocal
depth-scanning Raman measurements performed additionally
(not shown). To demonstrate the effect of the structural changes
during electroformation on the Raman spectrum, Fig. 6 shows
the smoothed difference signal between the initial SrTiO3 001
surface and the same spot on the sample surface after 3 h of
formation at 100 V corresponding to the anodic side (Fig. 6,
blue solid line). The measured Raman spectra of as-grown
SrTiO3 crystals exhibit characteristic second-order phonon
bands as known from Nilsen et al.47 Spectral changes induced
during electroformation are, however, very small, hence only
the smoothed difference signal is shown.
To exclude effects originating from a mechanical bending
of the SrTiO3 crystal in the sample holder during the formation,
mechanical bending tests have been performed for comparison.
Figure 6 displays the difference Raman spectrum of a bent
single crystal which shows no signiﬁcant peaks. This leads
to the conclusion that no ﬁrst-order phonons in SrTiO3 are
generated by a mechanical distortion up to destruction of the
crystal. In contrast, the spectra of a formed single crystal at
the anode reveal additional distinct peaks at 185, 478, and
800 cm −1. Response function calculations based on density
functional theory (DFT) performed with the ABINIT (Ref. 48)
pseudopotential code in generalized-gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof49 (PBE) functional
(8 × 8 × 8 Monkhorst-Pack k-grid, 823-eV plane-wave cut-
off) yield the following frequencies for ﬁrst-order LO phonons
at the  point of cubic SrTiO3: 193 cm−1 (LO1), 477 cm−1
(LO3), and 785 cm−1 (LO4). Comparable values have been
obtained by infrared measurements30 too. Deviations of the
FIG. 6. (Color online) Smoothed difference spectra of an as-
grown and formed (E = 1.0 × 106 V/m) as well as an as-grown and
mechanically bent SrTiO3 single crystal. Asterisks denote additional
ﬁrst-order longitudinal optic phonons. Inset: Schematic side view of
the bendingmodulewith a 200-N load cell adapted as “sample holder”
beneath the confocal Raman microscope in order to monitor in situ
the inﬂuence of the mechanical deformation of the specimen on its
Raman spectrum. The deﬂection was carried out using a three-point
assembly.
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theoretical values for ﬁrst-order phonons are less than 4%, so
that a phase close to cubic SrTiO3 is expected to be responsible
for the difference signal and not a secondary defect structure.
Nevertheless, difference spectra also show negative fractions
which can be explained by crystal volumes contributing to the
ﬁrst-order Raman spectra and not anymore to the second-order
phonon bands of cubic strontium titanate. These results prove
that the inversion symmetry of the cubic structure is locally
suspended. No changes of the second-order Raman spectrum
were observed at the cathode.
V. DISCUSSION
In summary, the conclusions from our measurements are
the following:
(i) Oxygen migration is achieved in an external electric
ﬁeld leading to a concentration gradient, which vanishes
diffusively within 12 h after the ﬁeld is switched off.
(ii) High-vacancy concentrations should arise at the ca-
thodic side, whereas the anodic region should be depleted
of oxygen vacancies.
(iii) Elongation of the lattice constant in ﬁeld direction
occurs for a certain volume portion at the near-surface region
of the anode, not at the cathode.
(iv) The elongation of the lattice in ﬁeld direction increases
with increasing voltage.
(v) Instant disappearance of the voltage-dependent elon-
gation is monitored as response to switching off the external
electric ﬁeld.
(vi) In-plane to out-of-plane deformation ratio suggests
pristine SrTiO3.
(vii) Appearance of ﬁrst-order phonons close to the known
cubic strontium titanate LO modes indicate the breaking of the
inversion symmetry.
A. Migration-induced ﬁeld-stabilized polar phase
According to the experimental ﬁndings, we postulate a
model to explain the response of strontium titanate in an
external electric ﬁeld. In thermodynamic equilibrium, an as-
grown single crystal contains a homogeneous oxygen vacancy
concentration throughout the entire volume. Locally, this
leads to a double unit cell with a transition from two Ti-O
octahedra to two pyramids [see Fig. 7(a)]. DFT calculations
for this structure, performed with the full-potential linearized
augmented plane-wave (LAPW) + lo code WIEN2K (Ref. 50)
using the GGA-PBE (Ref. 49) functional on a 3 × 3 × 3
SrTiO3 supercell (RKmax = 8.0, 4 × 4 × 4 Monkhorst-Pack
k-grid, UTieff = 7.4 eV), show that Ti atoms are relaxing
away from the vacancy position towards the top of the
pyramid, whereas O atomsmove towards the vacancy position.
Displacements for Ti atoms and for O atoms of approximately
1.3% and 3.8% of the SrTiO3 lattice parameter compared to
the initial positions have been calculated. Due to the inversion
symmetry at the oxygen vacancy position, all displacements
have opposites for the case E = 0 [Fig. 7(a)].
If an external ﬁeld is applied (E > 0), atomic displacements
are immediately affected, which means that a diminishment
and an extension of the oppositely directed displacements takes
place respectively in the direction parallel to the electric ﬁeld
FIG. 7. (Color online) Formation of the migration-induced ﬁeld-
stabilized polar phase in SrTiO3 single crystals. (a) Initial state
(E = 0): oxygen vacancies initiate atomic displacements. (b) Ap-
plying an electric ﬁeld (E > 0): additional displacements of nearest
atoms in the vicinity of an oxygen vacancy break the inversion
symmetry. (c) Vacancymigration leaves a point-defect-free elongated
unit cell (see orange circle) with remaining atomic displacements.
(d) Traces of MFP phase are formed in turns of vacancy migration.
(e) Directions of the ﬁeld lines to the tips of dendrites determine the
drift paths (black lines) of oxygen vacancies and the distribution of the
MFP phase. (f) Pyramidal merging of MFP cells in the anode region.
[Fig. 7(b)] breaking the inversion symmetry. As an example,
the two positively charged Ti cations next to the vacancy are
pushed towards the negative electrode. In addition, migration
of charged defects starts, which means that oxygen vacancies
drift towards the cathode. Since the vacancy drift takes place
via site exchange with an oxygen ion on a lattice site, a
vacancy in this conﬁguration has four possibilities to move on
and leave a point-defect-free unit cell. Here, we propose that
this point-defect-free unit cell maintains its displacements and
polar character, i.e., the displacement of the Ti ion out of the
center position, as long as the external electric ﬁeld is applied
and stabilizes the dipole structure. Compared to electronic
and dipole energies, thermal contributions are not sufﬁcient
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to overcome the splitting of the Ti position and to thermalize
the structure back into cubic symmetry. According to these
properties, the newly developed structure can be best described
as tetragonal migration-induced ﬁeld-stabilized polar (MFP)
phase [Fig. 7(c)]. Perpendicular displacements established in
the vicinity of the successive vacancy position after every
second hopping process can not be stabilized due to their
orientation [Fig. 7(d)] and therefore are assumed to play a
negligible role. With the present data we can not give further
details on atomic coordinates and symmetries of the polar
structure. In summary, vacancy hopping leaves traces of the
MFP phase, and the process is mediated by the static atomic
displacements in the vicinity of the oxygen vacancy reducing
the barrier of this transition.
B. Vacancy migration and anisotropy
Within this suggested model, the vacancy migration paths
determine the distribution of the tetragonal migration-induced
ﬁeld-stabilized polar phase, or in other words, the growth
of the MFP phase is related to different possibilities for
vacancies to move from one unit cell to another. For E > 0,
vacancies located in the (001) plane [Fig. 7(b)]) have four
equal possibilities for a site exchangewith neighboring oxygen
ions, whereas vacancies located on (010) or (100) planes
have only two. The potential migration paths are displayed in
Fig. 7(e). The established new oxygen vacancy concentration
proﬁle through the crystal from anode to cathode makes the
asymmetry in our model very clear. One possible mechanism
that prevents MFP phase formation at the cathode is based
on the accumulation of oxygen vacancies in this region. A
donor-doped conductive area is established which acts as a
virtual electrode (as discussed in the context of resistance
switching by Waser et al.5) where the external electric ﬁeld
is drastically reduced and not sufﬁcient to stabilize the MFP
phase. Hence, the same potential drops across a smaller crystal
thickness, following that the effective electric ﬁeld is increased
in the dielectric and leads to a higher lattice elongation at the
same applied voltage. Referring to Fig. 5(b) we are able to
calculate from the out-of-plane lattice constant hysteresis by
linear regression that the virtual cathode moves approximately
20 μm towards the anode, which is comparable with data
published by Baiatu et al.51 Consequently, a dendrite structure
at the cathode as reported byWaser et al.5 has to be established,
regarding a defect concentration of 4.8 × 1017 cm−3 which
is not sufﬁcient to create the conductive area throughout the
entire 20-μm cathode region. Further, this causes inhomo-
geneities and enhancement of the electric ﬁeld at the tips of
such dendrites and alters the degenerate possibilities of V••O
hopping to favored directions towards these tips [Fig. 7(e)]. A
pyramidal merging of migration paths towards the cathode
appears [Fig. 7(f)]. These arguments result in a decreased
volume fraction of MFP phase with increasing distance from
the anode and explain why the MFP phase could not be
detected at the cathode side of the crystal.
C. Depth-depending MFP phase distribution
The shoulder of the x-ray diffraction data at lower angles
than the main reﬂection clearly indicates that some region
in the sample is distorted and possesses a bigger lattice
parameter. Therefore, a model was developed comprising a
SrTiO3 crystal with a distorted surface layer exhibiting an
elongated out-of-plane lattice spacing. The model parameters
were then ﬁtted against the measured data using least-squares
reﬁnement.
The model simulation relies on dividing the sample in ﬁnite
elements at given depth underneath the surface illuminated by
x rays. Since diffusion proﬁles may be described by error
functions, also here an error function was used for modeling
the proﬁle of the averaged lattice spacing versus depth. With
that, a lattice spacing is assigned to every ﬁnite element of the
sample. The intensities of the Bragg reﬂections of all elements
are calculated by taking into account absorption depending
on element position underneath the surface. Finally, the single
intensities are convoluted with a Pearson VII peak function
(similar to the function used for smoothing after deconvolution
of the measured data) and summed up.
Fitting of the XRD curves measured at different electric
ﬁelds reveals the following: The depth-dependent decrease
of the lattice distortion conﬁrms the pyramidal distribution
of the MFP phase from anode to cathode. The elongation
within the surface layer is nearly linearly growing with the
ﬁeld (see Fig. 8). At the same time, the depth of the distorted
layer remains nearly constant at a value of approximately
2 μm with only a slight upwards tendency with growing ﬁeld
(see Fig. 8).
This leads to the following interpretation: Considering two
out-of-plane lattice parameters for bulk SrTiO3 and MFP
phase this sharp depth distribution is consistent with the
pyramidal growth assumed in our model. The ﬁrst application
of an electric ﬁeld transforms a certain surface layer of the
SrTiO3 crystal to the MFP phase, which reacts to the ﬁeld
by an elongation of the out-of-plane lattice parameter. During
subsequent increase of the external ﬁeld, the elongated unit
cells within the distorted surface layer are further stretched, but
nearly no additional MFP cells are formed in deeper regions
of the crystal.
FIG. 8. (Color online) Results from modeling the depth-
dependent distribution of the MFP phase regarding distortion of the
lattice parameter and depth of the distorted layer.
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D. Time scales
To the best of our knowledge, no similar suggestion,
explaining the structural response of a strontium titanate single
crystal during electroformation, exists in the literature either
for SrTiO3 or for other perovskite-related materials. Thus,
we would like to emphasize which experimental findings are
explainable with the MFP phase model. The most interesting
measurement result is the time-dependent development of the
reflection shoulder to larger lattice constants in the anode
region with two different time scales during a whole formation
cycle: a slow one during the increase of the lattice constant in
the range of 1–5 h and a fast one after switching off the electric
field within a range of seconds. We would like to underline that
there have to exist at least two processes playing a key role
and definitely one acting much faster than defect diffusion. The
formation of Ruddlesden-Popper phases as secondary phases,
reported by Bobeth et al.,52 can not be supported since no
additional reflections were observed either at the anode or the
cathode. The measured changes in d values of 0.1% are not
sufficient to explain the formation of stacking faults parallel to
the surface like additional SrO planes.
On the one hand, the longer time constant can be explained
by defect migration through the SrTiO3 single crystal. The va-
cancy drift mobility is estimated in the order of 10−10 cm2/Vs
(Sec. III). The evolution of the shoulder of the 002 reflection,
which is directly linked to the growth of the MFP phase,
displays generally the same time scale as the formation current.
This leads to the conclusion that vacancy drift through the
crystal volume initiates the formation of the MFP phase.
The redistribution of vacancies results in accumulation at the
cathode and depletion at the anode.41,42 Since the MFP phase
is detected at the anode only, it is reasonable to describe
it as a vacancy-free structure. If all vacancies are moved to
the cathode, no further vacancy hopping process can change
the volume fraction of the suggested tetragonal MFP phase
at the anode and the intensity of the shoulder saturates.
The signal strength of the distorted unit cells indicates that
a significant crystal volume is affected, in contrast to the
ferroelectric grain boundaries30 where mainly local symmetry
breakings have been found.
On the other hand, the short-time constant can be attributed
to the flip-back of the tetragonal MFP phase into the cen-
trosymmetric cubic structure, which happens immediately if
the voltage is turned off and the field stabilization is absent.
Certainly, the formation of the tetragonal MFP phase explains
further experimental findings. Another experimental evidence
supporting the polar character of the MFP phase model is the
dependency of the elongation of the unit cell in field direction
on the magnitude of the voltage, which means that a direct
piezoelectric or flexoelectric response exists in the MFP phase.
It should be clarified that this polar phase is not ferroelectric
as defined in the literature30,31,33 because it disappears if
the external field switches to the opposite sign or passes
through 0.
VI. CONCLUSION
In summary, we presented a model to explain the struc-
tural response of strontium titanate single crystals during a
whole cycle of electroformation and relaxation. The struc-
ture responds by a reversible development of a tetragonal
elongation parallel to the electric field, which exhibits two
distinctively different time scales. Oxygen vacancy migration
leads to a redistribution and is accompanied by formation of
a tetragonal migration-induced field-stabilized polar (MFP)
phase at room temperature, which is characterized by a point-
defect-free SrTiO3 unit cell with a resulting dipole moment.
Centrosymmetry breaking and voltage-dependent distortion
of the unit cell, as well as the asymmetric behavior regarding
anode and cathode, could be demonstrated and confirm our
considerations relating to the proposed MFP phase model.
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We present a proof of concept of a new scalable all solid state energy storage.
 SrTiO3 serves as anode, cathode as well as electrolyte.
We present a defect based charge and discharge mechanism.
 Thermodynamic deduction of the exergonic reaction by density functional theory.
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a b s t r a c t
Redistribution of oxygen vacancies in a strontium titanate single crystal is caused by an external electric
ﬁeld. We present electrical measurements during and directly after electroformation, showing that
intrinsic defect separation establishes a non-equilibrium state in the transition metal oxide accompanied
by an electromotive force. A comprehensive thermodynamic deduction in terms of theoretical energy
and entropy calculations indicate an exergonic electrochemical reaction after the electric ﬁeld is
switched off. Based on that driving force the experimental and theoretical proof of concept of an all-in-
one rechargeable SrTiO3 single crystal energy storage is reported here.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
Research on electrochemical energy storage is closely related to
materials with ionic or even covalent bonded systems as, e.g.,
transition metal oxides, for battery components. Working as host
structures for intercalation of Li ions in lithium ion batteries [1],
they also have great potential as catalysts in metaleair batteries [2]
as well as electrode material in supercapacitors [3] and are applied
as solid electrolytes in sodiumesulfur batteries [4] or solid oxide
fuel cells [5]. Based on their high abundance, low cost, environ-
mental compatibility and chemical stability as well as manifold
electrical and chemical properties, transition metal oxides are
particularly suitable for new concepts of redox-based energy
storage. One opportunity of generating new concepts is the synergy
of data and energy storage technologies.
Hence, perovskite-type transition metal oxides are known to
have great potential as storage material in resistive random-access
memory (RRAM) devices [6]. Typical non-volatile memory cells are
realized in metal-insulator-metal (MIM) stacks. Currently, there
exist different pictures of switching mechanisms in the literature
[7]. In general, they are based on changes in resistivity, deﬁning a
high resistance and a low resistance state which differ several or-
ders of magnitude, which is also observed in dependency of oxygen
partial pressure at high temperatures [8,9]. Application of high
electric ﬁelds leads to local structural [10] and compositional [7,11]
changes in dielectric materials. In this process, oxygen vacancies
VO act as most mobile defects in oxides, revealing a mobility of
2$1010 cm2 Vs1 at room temperature [10]. Therefore, a redistri-
bution of oxygen vacancies as well as an establishment of an oxygen
concentration gradient takes place, where defects are responsible
* Corresponding author.
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for localized reduction and oxidation of transition metal ions [12],
respectively. Accumulation of oxygen vacancies is further known to
form defect clusters [13,14] to gain energy. The accompanied
disproportionation of redox couples in the applied electrical ﬁeld
stores energy electrochemically which causes an electromotive
force, as already reported by Waser et al. [15] in MIM stacks. This is
a requirement for galvanic cells and determines the characteristic
cell voltage.
Strontium titanate is a model material, crystallizing in cubic
structure with space group Pm3m, which hosts a manifold of
excellent physical properties based on its crystallographic and
electronic structure. Various applications can be found in the
literature, e.g.: gem-stone (fabulite) [16], high-k dielectric [17],
oxygen sensor [18], superconductor [19], photo-catalytic material
[20], resistive random access memory [6,21]. Here, we report on the
experimental investigation and theoretical description of charging
and discharging processes of SrTiO3 single crystals to demonstrate
the potential of perovskites for scalable electrochemical energy
storage.
2. Materials and methods
The presented electrochemical cell is composed of an etched
[22] as-grown SrTiO3 single crystal coated on both sides with ti-
tanium electrodes [10], which is needed for applying the external
electric ﬁeld homogeneously. Some crystals have been prepared
with structured front side electrodes, revealing different contact
sizes. Single crystals investigated here were of 5  5  0.1 mm3 or
10  10  0.1 mm3 dimension in (001) orientation ordered from
CrysTec GmbH (Berlin). All samples showed the same qualitative
behavior, quantitative results depend on the crystal real structure.
Electroformation of the strontium titanate single crystals was
performed using electric ﬁelds in the order of 106 V m1 where the
electric current ﬂow through the crystal was recorded. Electrical
measurements were performed in complete absence of light. Time-
dependent current measurements have been conducted with a
Keithley 4200 SCS.
3. Results
In a GibbseHelmholtz picture it is obvious that in thermody-
namic equilibrium real structures at ﬁnite temperature are deter-
mined by defects, caused by the energy gain due to entropy
increase. Having the lowest formation energy [23], oxygen va-
cancies play the key role in ionic transport in transition metal ox-
ides. Assuming a homogeneous distribution of VO throughout the
entire crystal in the initial state (E ¼ 0), they are redistributed,
based on their charge, during electroformation (E > 0) [7,24,25],
which is illustrated in the inset of Fig. 1. Consequently, oxygen va-
cancies accumulate at the cathode (negative pole) and deplete at
the anode (positive pole), which is accompanied by structural
changes at the oxygen-rich side, as reported previously [10]. Such a
forced defect separation leads to an establishment of a non-
equilibrium state in the crystal and involves the titanium to be
reduced and oxidized [12], respectively. If the external electric ﬁeld
is switched off, a reversed current can be measured (see Fig. 1) due
to the redistribution of the VO . Hence, locally there exist different
driving forces [15] to equilibrate the SrTiO3 single crystal again: (a)
the Nernst potential VN having a redox couple with exergonic
character, (b) the diffusion potential Vd regarding the concentration
gradient of mobile oxygen vacancies, (c) the GibbseThomson po-
tential VGT in terms of an enhanced surface energy of dendrites and
additionally, (d) a strain potential Vs caused by the elastic distortion
of a reversible phase present at the anode after electroformation
[10]. Fig.1 shows the discharging behavior of a formed SrTiO3 cell in
comparison with a capacitor structure using strontium titanate as
dielectric. A signiﬁcantly higher current is observed after voltage
shut down if the cell is additionally charged by electroformation.
A drift-driven redistribution of VO establishes a concentration
gradient accompanied by a change in oxidation state of titanium
and can be considered as charging process. Therefore, a Nernst
potential originates from the local minimization of the free
enthalpy over the chemical potential gradients of the active species
at both half-cells, which in sum act voluntarily. In our setup the
active species are Ti atoms with oxidation states Ti2þ in the vicinity
Fig. 1. Charging and discharging behavior of a SrTiO3 single crystal energy storage. The inset shows the time-dependent current I(t) during electroformation (charging process). The
discharging current of the charged SrTiO3 cell after electroformation shows a signiﬁcant increase in comparison to a capacitor with SrTiO3 dielectric charged at 100 V for a few
seconds.
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of two adjacent oxygen vacancies (vacancy cluster) [14,13], Ti3þ
next to one oxygen vacancy (diluted vacancies) and Ti4þ in stoi-
chiometric strontium titanate unit cells (see Fig. 2). At room tem-
perature the crystal inherently acts as a separator as well, blocking
all ionic movement but the diluted vacancy. Upon charging the
applied external electric potential forces the change of Ti valence
states at the electrodes, here, using Kr€ogereVink notation [26]:
Anode : Ti0Ti/Ti

Ti þ e0 (1)
Cathode : Ti0Ti þ e0/Ti00Ti (2)
The limiting process for the reactions and according current is
the migration of diluted vacancies through the crystal to the va-
cancy rich region to form clusters [13,14]. Due to its increased
electronic conductivity it acts as virtual electrode [7]. Next to the
changes of Ti oxidation states a gradient of the chemical potential of
oxygen vacancies is developed. Upon discharging the Nernst po-
tential drives the inverse redox reactions at the electrodes. An
overall redox reaction can be written as comproportionation:
Crystal : TiTi þ Ti00Ti/2 Ti0Ti (3)
The Gibbs free energy difference DG between discharged and
charged state is deﬁned by the GibbseHelmholtz equation in
relation to the enthalpy H, the temperature T and the entropy S of
the system,
DG ¼ ðH2Ti3þ  HTi2þ=4þÞ  T$ðS2Ti3þ  STi2þ=4þÞ: (4)
The change in enthalpy H of the Ti3þ equilibrium diluted va-
cancy state in respect to the Ti2þ/Ti4þ charged state with vacancy
chains along neighboring octahedra on one side and the stoichio-
metric Ti4þ state on the other was estimated according to the
structures shown in Fig. 2. The total energy of the supercell with
one oxygen vacancy (Ti3þ) was hereby compared to the total energy
of the supercell representing the vacancy chain (Ti2þ/Ti4þ) by
means of density functional theory (DFT) calculations using the
ABINIT pseudopotential code [27] with LDA Teter extended norm-
conserving potentials. A kinetic energy cutoff of 823 eV and an
8 8 8Monkhorst-Pack k-point grid for the stoichiometric SrTiO3
cell was applied and convergence with respect to supercell size
ensured. All internal coordinates have been relaxed to forces less
than 2meVÅ1 and the cell parameters of the supercells have been
set to the relaxed parameters of the stoichiometric SrTiO3 cell. The
clustered vacancy state is favored with DH¼ 0.13 eV per vacancy or
DH ¼ 1.3$1015 eV for the dimensions of the bigger crystal volumes
mentioned above, assuming a maximum vacancy density of
1$1018 cm3 [10]. The entropy of mixing [28] was calculatedmaking
two assumptions: ﬁrst, an equal distribution of the vacancies on all
oxygen sites N1 ¼ 5.0$1020 in the discharged state (crystal size
divided by the volume of the unit cell with lattice parameter [29]
a ¼ 3:901Âe) and second, a number of n ¼ 1$1016 vacancies for the
SrTiO3 crystal. The case of the discharged state can be calculated as
an n-combination of N1 elements without repetition and the
charged state as an n-combination of N2 elements with repetition,
where N2 ¼ 5.32$1014 is the number of oxygen sites at the interface
of the vacancy cluster region (crystal size of the contact area
divided by the square of lattice parameter a). Using the Boltzmann
formula, the binomial coefﬁcient, and the Stirling formula the en-
tropy of mixing yields
DS ¼ 1:00$1013 eV K1: (5)
That means for the enthalpy at room temperature
DG<0; (6)
so discharging is an exergonic reaction as required.
Additionally, on a local basis, the concentration gradient of the
mobile oxygen vacancies within the bulk drives the redox reaction
upon discharging. The corresponding voltage can be estimated
fromValov's et al. [15] equation 5. As dendrites are formed [15], it is
to be expected that the strain in the interface region costs addi-
tional energy while charging the cell. This energy can be estimated
from GibbseThomson equation 6 mentioned there as well [15] and
will additionally drive the cell during discharging. Potentially there
is a fourth energy contribution from forming a distorted phase at
the anode region, next to the dendrites at the cathode, during the
charging process. This phase could be identiﬁed as migration-
induced ﬁeld-stabilized polar phase [10] and its degeneration will
contribute while the crystal relaxes to the equilibrium state of
SrTiO3.
Now, it is demonstrated how SrTiO3 serves as all-in-one
rechargeable energy storage. Fig. 3a, depicts different IeV sweeps,
realizing a hold time of 1 h during each cycle. Initially, increasing
the external voltage (I) leads to a linear current increase (note
logarithmic scale). During step (II), which is interpreted as the
beginning of electroformation, a sufﬁcient forming voltage is
passed tomove oxygen vacancies through the single crystal. In spite
of voltage decrease a higher current can be seen, where (III) rep-
resents themaximumof the forming current (see inset of Fig.1) and
a maximum number of mobile defects in motion. More and more
redistributed VO arrive at the cathode (charging process), which is
superimposed by the voltage decrease of the external voltage,
Fig. 2. Discharging process of a SrTiO3 single crystal energy storage. The non-
equilibrium state of accumulated vacancies at the negative electrode region of the
crystal arranged in dendrites causes the electromotive force and the related redox
process. Vacancy clusters (Ti2þ) dissolve into stoichiometric SrTiO3 (Ti4þ) and form
diluted oxygen vacancies (Ti3þ) which homogenously ﬁll the entire crystal at
equilibrium.
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followed by a current drop (IV). At I¼ 0 A the electrochemical cell is
arranged in an electrochemical equilibrium (V), where the external
voltage is sufﬁcient to hold the charged state. A further voltage
decrease leads to an opposite current (VI), which means that the
applied voltage is incapable to keep the oxygen vacancies at the
cathode. Hence, this serves as proof for the battery behavior. Now,
the charged SrTiO3 cell acts against the external voltage and as
internal voltage source (discharging process). AtU¼ 0 V (VII) a non-
zero current can still be measured, evidencing the electromotive
force of the system. Continuing the cycle to negative voltages a
similar current voltage behavior can be discussed accordingly. Thus,
a speciﬁc characteristic can be found in the functionality of the
electrochemical cell, where anode and cathode are simply deter-
mined by the polarity of the charging process.
In the following certain aspects concerning SrTiO3 as all-in-one
rechargeable energy storage material are discussed in more detail.
The voltage-dependent electrochemical cell-equilibrium is sum-
marized in Fig. 3b, showing the offset voltages VOffset and currents
IOffset for the different voltage sweeps. The increase of up to
quadratic order depicts an additive formation behavior within the
crystal, which can be attributed to the afore mentioned compo-
nents of the electromotive force. Hereby, the Nernst potential is
assumed to be constant, whereas the diffusion potential Vd and the
strain potential Vs increase due to enhanced lattice deformation
Fig. 3. Rechargeability of a SrTiO3 electrochemical cell shown for different voltage sweeps. (a) Exemplar IeV characteristics of an as-grown SrTiO3 single crystal coated with ti-
tanium demonstrating the charging (IeV) and discharging (VIeVII) processes. (b) Offset currents and offset voltages depend on the applied electric ﬁeld.
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[10] revealing linear and quadratic dependence respectively, as well
as a more pronounced oxygen vacancy concentration gradient at
higher voltages and a higher state of ordering (entropy of mixing).
Capacity considerations obviously show a dependence on the
contact area of the current collector (see Fig. 4a), scaling linearly.
The corresponding cell volume which is charged during electro-
formation thus correlates directly with the number of redistributed
mobile defects [10] and therefore allows a linear up-scaling of ca-
pacity. To study the stability of the electrochemical cell in respect to
rechargeability, consecutive measurements on another single
crystal have been performed. In accordance it is possible to show
the rechargeability of the cell (see Fig. 4b), whereby the capacity
varies within ±1.5 mAh kg1 during 8 cycles.
4. Discussion
Successfully, a new concept for rechargeable electrochemical
energy storage based on defect separation by an external electric
ﬁeld in materials with high dielectric constants, like strontium
titanate, was presented. As a major advantage the transition metal
oxide serves as anode and cathode as well as electrolyte and
separator in onematerial for energy storage applications. The usage
of an environmentally friendly and low cost material is another
beneﬁt in the development of renewable energy. Similarly, SrTiO3
features thermal as well as mechanical and chemical stability
associated to minor wastage and cycle stability. The presented cells
could be cycled several times at capacities of 3 mAh/ kg1. It is
obvious that the standard details of the presented energy device
have to be optimized, regarding other established electrochemical
energy storage, e.g. lithium ion batteries, metal air batteries or
redox ﬂow batteries. But this proof of concept initiates further
investigation and transfer of the results to thin ﬁlms. In particular,
higher capacities could be achieved in accordance to an increase of
the defect density or the up-scaling of the cell volume, which is
directly related. A sufﬁcient voltage improves keeping the charged
state at full capacity. As deﬁned by this proof of concept, the all-in-
one rechargeable energy storage is especially suitable for electro-
chemical short-term storage, like supercapacitors. To enhance the
Nernst potential, it is suggested to employ transition metal oxides
with redox couples, revealing a higher difference of their redox
potentials, such as Mn, Cr or Fe. Likewise, combinations of oxides
may be envisaged to establish a bifunctional redox couple to in-
crease the cell voltage. For such processes to occur, defect diffusion
across interfaces has to be realized.
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Abstract
Subjecting strontium titanate single crystals to an electricﬁeld in the order of 106 Vm−1 is accom-
panied by a distortion of the cubic crystal structure, so that inversion symmetry vanishes and a polar
phase is established. Since the polar nature of themigration-induced ﬁeld-stabilized polar (MFP)
phase is still unclear, the present work investigates and conﬁrms the pyroelectric structure.We present
measurements of thermally stimulated and pyroelectric currents that reveal a pyroelectric coefﬁcient
pMFP in the order of 30 μCK−1m−2. Therefore, a dielectric to pyroelectric phase transition in an origin-
ally centrosymmetric crystal structure with an inherent dipolemoment is found, which is induced by
defectmigration. From symmetry considerations, we derive space groupP mm4 for theMFPphase of
SrTiO3. The entire electroformation cycle yields additional information about the directedmovement
and defect chemistry of oxygen vacancies.
1. Introduction
Pyroelectric and piezoelectricmaterials have become increasingly important for practical applications beyond
infrared sensor technology [1]. Promising advances inwaste heat recovery [2–4], x-ray generation [5], and
disinfection [6] employ the pyroelectric effect. The prerequisite of a non-centrosymmetric structure is fulﬁlled
by inorganic single crystals [7], polymers [8], composite ﬁlms [9], and ceramics [10]. However, a comparatively
new fundamental approach is based on centrosymmetricmaterials, which respond to an external inﬂuence such
asmechanical strain gradients [11] or electric ﬁelds [12] by symmetry breaking.
Strontium titanate is a well-knownmodel transitionmetal oxide, which is diversely used and under
permanent research for use as high-k dielectric [13], resistive randomaccessmemory [14–16], battery [17],
oxygen sensor [18], superconductor [19], or photocatalyticmaterial [20]. Its perovskite aristotype structure is
comparatively stable, as veriﬁed by theGoldtschmidt tolerance factor [21]. Crystallizing in the cubic perovskite
structure within space groupPm m3¯ , dielectric SrTiO3 [22, 23] undergoes several phase transitions during
temperature decrease. Below 110 K [24, 25], a tetragonal distortion occurs, leading to a so-called
antiferrodistortive (AFD) phase, still showing inversion symmetry within space group I mcm4 . Further
decrease in temperature initiates a ferroelectric phase transition atTc=40 K ,which remains ever incomplete,
down to 0 K [26]. Therefore, intensive investigations on ferroelectricity in strontium titanate [27] caused by
temperature decrease, as well as symmetry breaking, have been undertaken: grain boundaries in ceramics [28],
enhanced point defect concentrations effecting polarmicroregions [29] in single crystals, or strain and stress in
thinﬁlms [30]. Furthermore, ferroelectricity has been found at room temperature byHaeni et al [31] in
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homogeneously strained thinﬁlms and by Ehre et al [32], who discovered piezo- and pyroelectric phases in
quasi-amorphous thinﬁlms.
Recently, amigration-induced ﬁeld-stabilized polar (MFP) phase in SrTiO3 single crystals at room
temperature has been reported [12], which is caused by an electroformation process using an electricﬁeld of
106 V m−1. Combining these experimental ﬁndings of broken inversion symmetry with the reversibility of the
phenomenon, albeit on a time scale of hours, the requirements for ferroelectricity are fulﬁlled. Nonetheless, the
newMFPphase cannot be regarded as ferroelectric as deﬁned in the literature [33, 34], because the polarization
is sustained and aligned by the external electric ﬁeld. The proposedmodel implies piezoelectric and polar
properties allowing pyroelectricity but no experimental evidence has been provided. If theMFP phasewas
pyroelectric, the number of possible space groups for its structure predictionwould be signiﬁcantly reduced.
Consequently, we present an investigation of the pyroelectric properties of theMFPphase of SrTiO3
conﬁrming its pyroelectricity. Furthermore, the impact of oxygen vacancymigration on the phase transition
through thermally stimulated currentmeasurements are presented.
2.Materials andmethods
All investigated (001) orientated strontium titanate single crystals were × ×5 5 0.1mm3 in size and purchased
fromCrysTecGmbH, Berlin. To obtainwell-deﬁnedTiO2-terminated surfaces, an etching process was executed
followed by a temperature treatment [12]. For electricalmeasurements, planar front- and backside 4× 4 mm2
contacts of 50 nm titaniumwere deposited bymagnetron sputtering to yield ohmic behavior and avoid surface
conductivity inﬂuences. Typicalmeasurement techniques for pyroelectric properties, like the Byer–Roundy
method [35], are unsuitable to characterize theMFPphase because they cannot distinguish between pyroelectric
and thermally stimulated signals stemming from the thermal detrapping of charge carriers. Such a thermally
stimulated current is to be expected as a constant background due to the constant reﬁlling of traps by the external
voltage in an electroformation experiment described in [12].We therefore chose an adapted Sharp–Garn
method [36, 37] to determine the pyroelectric coefﬁcient pz along a polar axis z towhich several effects
contribute:
ε ε σ
μ
= + ∂
∂
+ ∂
∂
+
∂
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+
‐
∂
∂
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with permittivity tensorεzk , external electricﬁeldEk, piezoelectric tensor dzkl, stress tensorσkl,ﬂexoelectric
tensor μzijk, and strain tensor uij. The Sharp–Garnmethod is based on a low frequency sinusoidal temperature
excitation of the sample
ω φ= + +( )T t T T t( ) · sin (2)A T0
with temperature amplitudeTA, angular frequencyω, offset temperatureT0, and phase offsetφT . The current
response to this excitation is composed of pyroelectric current iPE and non-pyroelectric current inPE
= = +i T p T A T
t
i T i B T( ) ( )
d
d
, ( ) · (3)zPE nPE nPE,0
with temperature-independent thermally stimulated current inPE,0 atT0 and temperature-dependent iTSC
coefﬁcientB(T) describing the nature of the thermal traps discharged by the temperature excitation [36, 37].
The expression for inPE holds for small (≈1 K) temperature excitations. Now the overall time- and temperature-
dependent current response i can bewritten as follows
ω ω ω ω φ= + + + = + +( )i i BT BT t p AT t i i tsin ( ) · cos ( ) · sin (4)A z A inPE,0 0 DC th
with electrode areaA and the overall phase shiftφ φ φ= −T i between the temperature sinewave and the current
response. Thus, the current response i is split into a time-constant part iDC and a time-dependent part with the
amplitude ith. The non-modulated part of the current response iDC is, in this kind of experiment, dominated by
the contribution of the electroformation iF.With equations (3) and (4), the pyroelectric coefﬁcient can be
extracted fromameasurement of the thermal current response amplitude ith and phase shiftφ of the current
response as
φ
ω
=p i
A T
sin
· ·
. (5)z
A
th
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The original technique is extended here by applying an external electric ﬁeld during the entiremeasurement
required for the electroformation process. The sample temperature ismeasured using a Pt100 resistive
thermometer placed directly adjacent to the sample. Temperature control is achievedwith a software-based
closed-loop proportional-integral-derivative (PID) controller that samples the thermometer through a
multimeter. The electrical signal from the sample connected in series with the high voltage source is recorded
using an electrometer. Sandwiched between two copper contact plates, the sample is held in placewith aﬁxture
to keep the strain constant.
The data evaluation decomposes themeasured current from the sample into the thermal current response ith
and the current base line iF caused by the electroformation process. The latter is obtained by smoothing out the
oscillatory part using a uniformmovingwindow averagewhosewidth coincides with the temperature excitation
period τ = πω
2 . Subsequently, the Fourier components of the oscillatory signal i t( )th and the temperature signal
T(t) corresponding to this period (i. e.,φi,φT , ith,TA) are calculated for each interval by direct integration.
All investigated samples revealed equal qualitative behavior, but quantitative results depended on the crystal
real structure and, hence, differed slightly for each specimen.
3. Results
3.1.Qualitative thermal current analysis
Figure 1 shows the current response i of a SrTiO3 single crystal during electroformationwhen applying an
external electric ﬁeld of 106 Vm−1 superimposed by a sinusoidal temperature excitation. An offset temperature
of =T 3000 Kand an amplitude of TA=1Kwere used for oscillating temperature at different angular
frequenciesω. The time-dependent forming current iF is composed of ionic and electronic parts, which are
attributed to oxygen vacancymigration [12, 16, 38, 39]. The characteristic shape of the electronic part is a
current increase up to amaximum followed by a decrease with a similar slope down towards the initial current
value. In addition, the forming current iF is superimposed by the oscillatory thermal current response ith.
Regarding ith, four different ranges (see insets (a)–(d) ofﬁgure 1) have to be distinguished:
At the beginning of the electroformation ith shows an in-phase temperature behavior (see ﬁgure 1, inset (a)
and (b)) typical for semiconductors. Heating (∂T /∂ >t 0) results in a current increase, whereas cooling
(∂T /∂ <t 0) leads to a current decrease. Intrinsic defects like oxygen vacanciesVO•• , given here inKröger–Vink
notation [40], cause additional bandgap states near the conduction band [41], which are charged and discharged
when temperature oscillates and, thus, contribute to the thermally stimulated current iTSC. This behavior is
correlatedwith defectmigration, especially of oxygen vacancies due to the higher diffusion coefﬁcient compared
to strontium vacancies. Coincidingwith the peak of iF, the amplitudemaximumof ith depicts the largest number
ofmoving defects. Subsequently,more andmore defects arrive at the cathode, leading to the formation of the
MFPphase at the anode and a decrease of ith (see ﬁgure 1, inset (c)).When defectmigration is declining, an out-
of-phase current contribution in ith can be detected, revealing the temperature dependence on an inherent
polarizationPMFP of the formedMFPphase [12].With a successful formation of theMFPphase in the single
Figure 1.Current response i of a SrTiO3 single crystal during electroformation using an external electric ﬁeld of 10
6 V m−1
superimposed by a sinusoidal temperature excitation: (a)–(b) in-phase current-temperature behavior during oxygen vacancy
migration, (c) disappearance of temperature-inducedmodulation of current response, and (d) reversed sign in-phase current-
temperature behavior when defect separation is ﬁnished and theMFPphase is established. Same current scale for all insets highlights
amplitude changes in ith.
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crystal, the thermal current response shows amajor phase shift of π, indicatingmetallic conductivity (see
ﬁgure 1, inset (d)). Accordingly, heating (∂T /∂ >t 0) results in current decrease, whereas cooling (∂T /∂ <t 0)
leads to a current increase. This effect is caused by the accumulation of oxygen vacancies at the cathode, leading
to a highly conductive area, known as the virtual cathode [16].Here, the defect clusters form an electronicmid-
bandgap state [42] deep enough to trap electrons, which quenches iTSC (compare insets ofﬁgure 1). It should be
noted that thismetallic signature stemsmost likely from the virtual cathode alone, whereas the conduction
regime in the remaining crystal volume does not change. Conversely, the conductivity of the defect depleted
anode region is expected to drop and thus the overall conductivity of the sample does not change signiﬁcantly.
Another important detail is the development of the amplitude of ith during electroformation (see insets of
ﬁgure 1). At the beginning, a comparatively small amplitude evolves into a higher one atmaximum iF, where
formation of theMFP phase proceeds. Themaximumamplitude of iTSCmarks the largest number ofmobile
oxygen vacancies in thewhole bulk single crystal coincidingwith themaximumof iF. Subsequently, when the
current amplitude iTSC vanishes, themetallic current contribution equals the semiconducting one. At this time
the oxygen redistribution can be regarded as nearly complete. Themetallic behavior of the recurring amplitude
is in accordancewith the oxygen vacancy accumulation at the virtual cathode [16]. Conversely, the oxygen
vacancy clustering creates a defect band lowering the thermal excitability of the oxygen vacancies [42, 43] (see
ﬁgure 4(b)).
Further experiments show the independence of ith and iF on the polarity of the external electric ﬁeld
underlining the non-ferroelectric character. The external electric ﬁeld aligns the oxygen vacancymigration and
therefore the polarization. In summary, this kind ofmeasurement is suitable to track themovement of charged
mobile defects in oxides.
3.2. Pyroelectricity
Extracting the pyroelectric coefﬁcient from the performedmeasurements deserves discussion of different
pyroelectric contributions (see equation (1)): ﬁrst, the primary pyroelectric coefﬁcient p zprim, caused by the
permanent dipolemoment of theMFP phase; second, the temperature dependency of the dielectric constant εzk
in an external electric ﬁeldEk; third,mechanical inﬂuencesmay cause polarization changes through the
piezoelectric and ﬂexoelectric effects.We neglect secondary and higher-order pyroelectric effects because the
samples weremeasured at constant strain. Further, centrosymmetric strontium titanate shows no
piezoelectricity and the lattice parameter changes observed during the evolution of theMFPphase occur on a
signiﬁcantly longer timescale than the thermal excitation [12]. Using literature data [11] for μ[001], we estimate
two orders ofmagnitude lower ﬂexoelectric polarization resulting from the temperature excitation than
observed.Hence, only primary and electric ﬁeld induced pyroelectricitymust be considered.
Figure 2 pictures the phase shiftφ t( )of the thermal current response of a SrTiO3 single crystal during
electroformationwith respect to the temperature excitation sinewave for different frequencies. It can be clearly
seen that the higher the thermal excitation frequency, themore phase shift occurs, which distinctively indicates
Figure 2.Electroformation of a SrTiO3 single crystal in an external electricﬁeld of 10
6 V m−1 superimposed by a sinusoidal
temperature excitationwith different frequencies: decomposition of time-dependent current i into forming current iF and thermal
current ith (top), data sets are shifted by 50 nA for each frequency. Time-dependent phase shift of pyroelectric current response
(bottom). The inset shows phase shift behavior at the transition pointwhichwas adjusted by π before the transition to emphasize the
change in pyroelectricity.
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pyroelectricity. Themajor feature inφ t( ) is a change in phase shift of π at the crossing between dominating
semiconducting andmetallic behavior asmarked in inset (c) ofﬁgure 1. The deviation in phase shift from−π in
φ t( )before the sign change is attributed to theﬁeld-induced pyroelectricity term in equation (1). If the phase
shift by π in ith is removed fromφ t( ), it is obvious that p| |z is reduced by the formation of theMFPphase (see
inset ofﬁgure 2). Therefore, p zprim, andε ε∂Ek zk0 /∂T differ in sign.However, this experiment is unable to
distinguish absolutely between ﬁeld-induced and primary pyroelectric effect of theMFPphase. Since both
contributions are present andεzz is reported inversely proportional to temperature [44], we assume that p zprim, is
positive andε ε∂Ek zk0 /∂T is negative. Based on the remaining phase difference before and after electroformation,
a pyroelectric coefﬁcient p zprim, of 30 μC K
−1m−2 can be obtained (see table 1). Positive pyroelectric coefﬁcients
are rarely found [45] andmay be attributable to theﬁeld-stabilized nature of theMFP phase.
4.Discussion
4.1. Structure prediction forMFPphase
Based on the presentedmeasurements, a coherent argumentation to predict the crystal structure of theMFP
phase follows. Relying on literature data [12] and additional x-ray diffraction experiments, only
translationsgleiche subgroups have to be considered for a symmetry descent from the cubicPm m3¯ of SrTiO3.
These 32 possible t-subgroups can be categorized into thosewith inversion center, pyroelectric and non-
pyroelectric space groupswithout inversion symmetry (see ﬁgure 3). From the remaining twelve pyroelectric
space groups, the sevenwith tri-,monoclinic, or trigonal symmetry can be strictly excluded [12] (see
supplementarymaterial). Ruling out the three orthorhombic space groupswith a twofold rotation axis is not
possible with certainty due to the diffraction geometry with hardly accessiblehk0 reﬂections. A conceiveableP4
conﬁgurationwithAFD-like twisted oxygen octahedra prevents the primitive centering and therefore has an
enlarged unit cell violating the requirement of a translationsgleiche symmetry descent.With the assumption of
no Jahn–Teller distortion, space groupP4 can be entirely excluded due to the apical position of titanium in the
oxygen octahedron. Furthermore, structures with space groupP4 are yet to be discovered in the perovskite
familiy [46]. Thus, onlyP mm4 remains, which is in good agreementwith structure-ﬁeldmaps from the
literature [45] reportingP mm4 for A2+B4+O3 perovskites. Consequently, all indications point to space group
P mm4 .
Table 1.Relation of temperature excitation frequencywith phase shift of pyroelectric current at times before and after electroformation and
resulting pyroelectric coefﬁcients.
Excitation frequency Phase shift Phase shift
ω φ(0.7 h) φ(2.6 h)
20 mHz −170.56° −173.93°
40 mHz −165.75° −169.05°
60 mHz −160.94° −164.48°
pz [μ − −CK m1 2 ] −177 −147
Figure 3.Translationsgleiche symmetry descents from space groupPm m3¯ . The actual transitions (descend, across, and back) are not
shown for clarity. Blue colormarks space groups with inversion symmetry, red color symbolizes pyroelectric space groups, and black
color indicates non-pyroelectric space groupswithout inversion symmetry.
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4.2.Dielectric to pyroelectric phase transition
Combining theseﬁndings, it is nowpossible to discuss the peculiarities of the phase transition of cubic SrTiO3
into theMFP phase of SrTiO3 in the framework of displacive or rotational [47] phase transitions of perovskites.
In general,materials undergo structural phase transitions when intensive state variables like temperature or
pressure are changed, e. g., all ferro- and pyroelectrics, such as LiNbO3, LiTaO3, and BaTiO3, undergo a
structural phase transitionswhen temperature passes theCurie temperatureTC. As for SrTiO3, no complete
ferroelectric phase transition occurs: the experimentally proven pyroelectricity in bulk SrTiO3 at room
temperature is unprecedented. In thismaterial system, structural phase transitions can be created by
stoichiometry changes; as for example, in the solid solution series of Ba1-xSrxTiO3, [48, 49] and PbZr1-xTixO3
[47, 50]. In contrast, the reported phase transition does not rely on extrinsic doping but uses intrinsic defect
engineering by defectmigration. A delimitation regarding stress-induced phase transitions, whichmainly
occur in thin ﬁlms [51], is unnecessary because of their small impact on secondary pyroelectricity (compare
equation (1)). Furthermore, electric ﬁeld induced phase transitions can be found in literature, where polar
structures of oxides [52, 53] and polymers [54] are involved. Usually the external electric ﬁeld is coupled to
existing dipolemoments. In contrast, the referred electric ﬁeld induced dielectric to pyroelectric phase transition
is characterized as a structural phase transition from an originally centrosymmetric into a polar structure. These
experimental ﬁndings evidence the interaction of the electric ﬁeldwith charged species, e. g. defects like oxygen
vacanciesVO
•• . Although Fleury et al [55] presented aﬁeld-induced phase transition in SrTiO3 single crystals, it
should be noted that theirmeasurements were performed at such low temperatures, that the electric ﬁeld is
directly linked to soft phononmodes. Thus, this phase transition is to be categorized as aﬁeld-induced polar to
polar phase transition. In our case, electrostrictive effects can be excluded since no experimental evidence for
Figure 4. Schematic comparison between the initial and formed SrTiO3 single crystal. Color scheme applies to all subﬁgures. a)Defect
separation: if an external electricﬁeld is applied, oxygen vacanciesVO
•• migrate, i.e., they accumulate at the cathode and deplete at the
anode. b) Electronic properties: as-grown SrTiO3 shows semiconducting behavior because of shallow defect states near the
conduction band.Due to the defect separation, an insulating region at the anode (blue) and ametallic virtual cathode (red) [16] are
established. c) Crystal structure: without an external electric ﬁeld, SrTiO3 crystallizes in a cubic unit cell. After electroformation, the
cubic structure remains only at the cathode and a unit cell elongated in (001) direction is formed at the anode.
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lattice parameter changes were found besides the effects of defectmigration (see supplementary data available at
stacks.iop.org/njp/17/013052/mmedia). Consequently, a classiﬁcation as a displacive phase transition by defect
migration is appropriate.
To summarize the defect-chemical, structural, and electronic aspects of the phase transition into theMFP
phase of SrTiO3, the followingmodel is presented (see ﬁgure 4): The initial state shows statistically distributed
oxygen vacancies thatmove to the cathodewhen an electric ﬁeld is applied. The electroformation is ﬁnished
when defects are completely separated (see ﬁgure 4(a)). TheMFP phase is established at the anode, where
oxygen vacancies are depleted, causing defect free unit cells with an inherent dipolemoment [12] (see
ﬁgure 4(c)), which are responsible for the reported pyroelectricity. Analyzing the electronic situation during and
after electroformation (see ﬁgure 4(b)), single oxygen vacancies form shallow energy states near the conduction
band leading to the semiconducting behavior in the initial state. Through defect separation, oxygen vacancies
leave the anode,making this area insulating, and cluster at the cathode, generating deep traps to build up a
‘conduction band’ formetallic conductivity, as shown in section 3.1. Besides, the polar nature of theMFPphase
is conﬁned to pyroelectric, because the dipolemoments are not switchable without destroying the polar phase.
5. Conclusion
In summary, theﬁeld-induced redistribution of oxygen vacancies on SrTiO3 causes a polar phase at the anode
with a pyroelectric coefﬁcient on the order of 30 μC K−1m−2 at room temperature, which is in the range of single
crystal pyroelectric oxides, like lithiumniobate. Consequently, a dielectric to pyroelectric phase transition is
induced based on defectmigration, which is accompanied by a symmetry breaking and the formation of an
inherent dipolemoment in an originally centrosymmetric crystal structure.
From the crystallographic point of view, the present work introduces a new concept to extend thematerial
classes required for pyroelectricity bymodifying centrosymmetric structures by defect engineering. Here, a
crystal structure prediction for theMFP phasewith spacegroupP mm4 is presented.With this space group
prediction and the already demonstrated ﬁeld dependence of the lattice distortion of theMFP[12] phase, we
expect the pyroelectric coefﬁcient of theMFP phase to be tuneable by the external electric ﬁeld once
electroformation is concluded. Furthermore, it is demonstrated that pyroelectricmeasurementmethods are
suitable to track defects due to their electric characteristics.
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I. SUPPLEMENTARY MATERIAL
In the main article, the structure prediction of the migration-induced ﬁeld-stabilized polar
(MFP) phase is based on the exclusion of seven pyroelectric space groups with triclinic,
monoclinic or trigonal symmetry. To substantiate this conclusion, full X-ray diﬀraction
patterns regarding diﬀerent crystallographic directions and reciprocal space maps of selected
reﬂections are presented. Furthermore we present additional data, supporting the claim that
electrostrictive eﬀects may be neglected in the discussion of the pyroelectric MFP phase.
A. Structure prediction
To investigate the structure of the migration-induced ﬁeld-stabilized polar (MFP) phase1
diﬀerent diﬀraction experiments were conducted during electroformation or in the formed
state. Special attention was payed to systematic splitting of reﬂections and possible new
emerging reﬂections. So far no experimental evidence contradicting the hypothesis of a
translationsgleiche symmetry descent from cubic SrTiO3 into a tetragonal MFP phase was
found. Quite the contrary, no further reﬂections in diﬀerent crystallographic directions occur
pointing to high symmetry space groups. In the following we present additional data as case
in points.
The full diﬀraction pattern in Fig. 1 shows a symmetric scan of a formed (001) SrTiO3
single crystal with the diﬀraction vector normal and 54.73◦ inclined to the sample surface
showing none but the expected and distorted 00l and hkl reﬂections.
Obtaining information about in-plane simultaneously with out-of-plane lattice changes
was accomplished by recording reciprocal space maps of the 002 reﬂection during electrofor-
mation. Features in the reciprocal space maps in Fig. 2 occuring during the electroformation
are exclusively in the out of plane direction qz. Thus, we omit orthorhombic space groups
from further consideration in the structure prediction.
2
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FIG. 1: Symmetric diﬀraction pattern of a formed (001) SrTiO3 single crystal in <111>
and <001> direction. None but the expected and distorted 111 and 222 as well as 001,
002, 003 and 004 reﬂection can be found. This pattern was recorded on a four circle
diﬀractometer with a Montel-mirror paralellized 1mm copper point source and additional
primary and secondary germanium monochromators.
B. Electrostrictive eﬀects
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FIG. 2: Reciprocal space maps of a (001) SrTiO3 single crystal during electroformation:
initial state (upper panel), formed state (lower panel); animation online. The mappings
were recorded at beamline BM20 of the ESRF using σ-polarized 8 keV photons from a
double crystal monochromator and a four circle diﬀractometer.
4
68 3 Ergebnisse
FIG. 3: Diﬀraction pattern of the symmetric 002 reﬂection of a SrTiO3 single crystal in
the inital state (blue) and immediately after beginning of the electroformation (red). The
shift of the main reﬂection due to electrostriction is less than 0.2 pm which is within the
margin of error for this experiment. This pattern was recorded on a four circle
diﬀractometer with a Montel-mirror paralellized 1mm copper point source and additional
primary and secondary germanium monochromators.
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1. Introduction
Transition metal oxides become more and more important and 
relevant in research fields like electrochemical energy storage 
and conversion [1–3], sensor technology [4] or data storage 
[5, 6]. Their manifold intrinsic electric, optic and magnetic 
properties can be tuned by defect engineering [7, 8]. Defects 
are known to be primarily responsible for ionic transport 
phenomena in solids [9], because they provide easy hopping 
sites for ions or atoms to move through the crystal structure 
accounting for both diffusion and ionic conduction. In oxides 
oxygen vacancies VO
rr, denoted here in Kröger–Vink-notation 
[10], are the most common point defects due to their low for-
mation enthalpy [11, 12]. They are further known to redis-
tribute in an external electric field [13–19]. Hence, oxygen 
transport plays a key role in various applications of metal 
oxides, e.g. fast ion conductors in solid oxide fuel cells [20, 21], 
catalytic and redox-active materials in gas sensors [4, 22] or 
resistive switching materials in valence change memories [5]. 
Important parameters [1, 23] influencing ionic conduction in 
perovskites are the Goldtschmidt tolerance factor and the free 
volume of a crystal, the polarizability of the lattice and the 
oxygen vacancy concentration.
Perovskites and related structures reveal conduction for 
several mobile ions, e.g. oxygen ions, protons or even lithium 
ions [1]. Therefore, they are used in solid oxide fuel cells 
(SOFC) [1] as promising candidates for oxygen ion con-
ducting electrolytes (La(Sr) Ga(Mg)O3), cathodes (La (Sr)
MnO3, La(Sr)CoO3, La(Sr)Fe(Co)O3) as well as anodes 
(SrTiO3, La1−xSrxCr1−yMyO3 (M  =  Mn, Fe, Co, Ni)), which 
is due to the mixed ionic and electronic conduction of ABO3 
compounds. Just as in fluorite-type oxides it was deduced that 
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2
for a distinct oxygen ion conductivity an essential number of 
oxygen defects is necessary besides a low enough energy for 
jumps of an ion from an occupied to a vacant site [1]. Other 
structures that provide fast oxygen conduction via oxygen 
vacancies are still under research [9, 20]: e.g. Brownmillerite, 
in which a sixth of all oxygen atoms are absent and the vacan-
cies are ordered in [1 0 1] direction, Ruddlesden Popper 
phases with 2D stacking faults and a Sr–O rich composition 
[24], rhombohedral-type oxides based on bismuth oxides, 
pyrochlore oxides with an oxygen deficient fluorite structure, 
anti-α-AgI oxides as well as Aurivilius phases.
Despite the broad discussion of oxygen vacancy migra-
tion in SrTiO3 [13, 19, 25–27], anisotropy of the migration 
process has not been researched so far. This paper investi-
gates the oxygen vacancy migration along different crystal-
lographic directions in the model perovskite SrTiO3 and gives 
a summary how the ion movement via statistically distributed 
oxygen vacancies along the TiO6 octahedron network pro-
ceeds. A quantitative model is used to compare experimental 
with theoretical mobilities of such defects and to estimate 
oxygen vacancy concentrations.
2. Materials and methods
All investigated samples are as-grown SrTiO3 single crystals 
of × ×5 5 0.1 mm3 size with the large faces in (0 0 1), (1 1 0) 
or (1 1 1) orientation, ordered from CrysTec GmbH (Berlin). It 
should be noted that samples originate from different boules 
and may thus differ in absolute vacancy concentration and dis-
location density, although, it is reported that vacancy conduc-
tion along extended defects plays a minor role [28]. Electrical 
measurements were conducted after depositing planar front-
side and backside contacts of about 50 nm titanium via mag-
netron sputtering. These ohmic contacts were used on both 
faces of the crystal in order to prevent space charge region 
effects of a Schottky barrier. All samples yield the same quali-
tative behavior, whereupon quantitative results depend on the 
crystal’s real structure and defect concentration, respectively. 
Temperature-dependent measurements were performed with a 
Keithley 4200SCS equipped with a Peltier device in a temper-
ature range of 10 °C–80 °C. Oxygen vacancy concentrations 
are deduced from the redistributed ionic charges by integration 
of the I(t)-curves and subtraction of the electronic contribution.
Figure 1. Possible oxygen vacancy migration paths along the TiO6 octahedron network with the electric field (green arrow) applied in 
representative crystallographic directions: (a) ⟨ ⟩0 0 1 , (b) ⟨ ⟩1 1 0 , (c) ⟨ ⟩1 1 0  (′), (d) ⟨ ⟩1 1 1 . Blue balls depict oxygen, orange balls illustrate 
titanium, the cubic unit cell is marked by gray dashed lines and red arrows symbolize migration paths, where continuous lines are first 
jumps and dotted lines following jumps.
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3. Model
Mechanisms of ion movement can be of different nature, 
common ones being the vacancy mechanism and the inter-
stitial mechanism [9]. In oxides, they are mostly influenced 
by oxygen partial pressure pO2 and temperature T. These 
thermally activated processes can be expressed by an expo-
nential dependence of the mobility μ on the energy barrier 
EA for a certain hopping event relative to the thermal energy 
k TB . Following this Arrhenius approach of ionic mobility for 
a diluted vacancy distribution [9] the model was adapted and 
further modified for cubic perovskites. In the case of migration 
and the presence of a homogeneous external electric field E, 
the diffusion barrier is reduced or increased by the electrostatic 
energy  ±qU /2, with external potential ∫= = ⋅U E sr Ed  and 
s being the projection of the hopping distance in field direc-
tion. Next to this Boltzmann probability, the effective drift 
velocity vD induced by the electric field further depends lin-
early on the attempt frequency f. This frequency corresponds 
for O atoms in SrTiO3 approximately to the high frequency 
modes at ×2 1013 Hz [16]. Likewise, vD depends linearly on 
the distance s bridged by the ion in field direction at each part-
icular successful hopping event, and the number of possible 
migration jumps N from the particular atomic site. For a spe-
cific migration path i, taking into account forward and back-
ward current, the drift velocity thus reads
= ⋅ ⋅ ⋅ −
−
− −
+⎡
⎣⎢
⎛
⎝⎜
⎞
⎠⎟
⎛
⎝⎜
⎞
⎠⎟
⎤
⎦⎥v f s N
E qU
k T
E qU
k T
exp
/2
exp
/2
.i i i i
i i
D,
A
B
A
B
 (1)
The antisymmetric barrier change induced by the elec-
trostatic potential can be expressed as a ( )⋅ qU k T2 sinh /2i B  
depend ence, which is linear in the charge of the defect as well 
as the electric field for qU k T/2i B . This complies well with 
the here applied electric field of 106 V m−1 in the considered 
temper ature regime. The comparison of calculated energy bar-
riers for oxygen vacancy movement in perovskites shows that 
migration along the edges of a TiO6 octahedron dominates and 
all other possible hopping events can be neglected [29]. The 
theoretical activation energy =E 0.6A,model  eV is taken from 
DFT LDA  +  U calculations [29], with an explicit treatment 
of atomic and electronic degrees of freedom by means of the 
nudged-elastic band method. For the oxygen vacancy migra-
tion along specific directions of the crystal only certain hop-
ping paths contribute to an ionic current through the crystal. In 
⟨ ⟩0 0 1  and ⟨ ⟩1 1 1  directions these hopping paths constitute of 
equivalent jumps with fixed distance s and Boltzmann prob-
ability for each particular hopping event. Attention has to be 
paid to the number of possible jumps N at a specific atomic 
site along the hopping path, since each possible jump with 
a component in field direction can be thermally stimulated 
and will add to the current. In ⟨ ⟩0 0 1  each migrating vacancy 
passes alternately two sites, one with four possible jumps and 
one with two (see figure 1(a)), i.e. the hopping events have in 
mean three different possibilities. For a ⟨ ⟩1 1 1  oriented elec-
tric field, the vacancy has for each passed atomic site along 
all migration paths two different possibilities to continue 
the path (see figure 1(d)). In ⟨ ⟩1 1 0  there exist two types of 
migration paths (see figures 1(b) and (c)), one straight in field 
direction with only one possibility for each jump, and one to 
an intermediate position taking two jumps to get back to the 
Table 1. Calculated and experimentally determined mobilities μhkl and drift velocities vD for defect migration along different 
crystallographic directions in SrTiO3 single crystals. Used model parameters are: =E 0.6A,model  eV [29], = ×f 2 1013 Hz [16], ¯ =N 30 0 1 , 
¯ =N 11 1 0  and ¯ =′N 31 1 0 , ¯ =N 21 1 1 , =s 1.950 0 1  Å, =s 2.761 1 0  Å and =′s 1.381 1 0  Å, =s 2.251 1 1  Å, =eU2 0.391 0 0  meV, =eU2 0.551 1 0  
meV and =′eU2 0.281 1 0  meV, =eU2 0.451 1 1  meV.
T ( )°C
μ0 0 1  
(cm2 Vs−1)
μ1 1 0  
(cm2 Vs−1)
μ1 1 1  
(cm2 Vs−1)
vD,0 0 1 
(μm h−1)
vD,1 1 0 
(μm h−1)
vD,1 1 1 
(μm h−1)
Model
11 × −4.26 10 11 × −2.38 10 11 × −3.77 10 11 15.34 8.57 13.59
15 × −5.91 10 11 × −3.30 10 11 × −5.23 10 11 21.26 11.89 18.82
20 × −8.77 10 11 × −4.90 10 11 × −7.76 10 11 31.56 17.64 27.94
25 × −1.28 10 10 × −7.18 10 11 × −1.14 10 10 46.21 25.84 40.91
30 × −1.86 10 10 × −1.04 10 10 × −1.64 10 10 66.81 37.35 59.14
40 × −3.74 10 10 × −2.09 10 10 × −3.31 10 10 134.7 75.29 119.2
Experiment
11 × −3.99 10 11 × −1.73 10 11 × −6.06 10 12 14.35 6.24 2.18
15 × −6.55 10 11 × −2.85 10 11 × −1.04 10 11 23.58 10.27 3.76
20 × −1.06 10 10 × −4.61 10 11 × −1.77 10 11 38.12 16.60 6.36
25 × −1.68 10 10 × −7.33 10 11 × −2.94 10 11 60.63 26.41 10.59
30 × −2.64 10 10 × −1.15 10 10 × −4.81 10 11 94.96 41.37 17.33
40 × −6.20 10 10 × −2.70 10 10 × −1.23 10 10 223.2 97.28 44.25
[ ]VOrr  (cm−3) ×5.81 1018 ×2.20 1016 ×1.15 1018
Note: Averaged oxygen vacancy concentrations [ ]VOrr  for the different samples were calculated from the redistributed ionic charges Q.
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equivalent position of the starting point (′). The former is taken 
in one, the latter in two of three successful jumps, assuming 
the electrostatic energy reduction of the migration barrier is 
small compared to the barrier itself. This latter path is similar 
to the ⟨ ⟩0 0 1  case. It passes alternatively two nonequivalent 
atomic sites, one with two possible jumps and one with four 
(see figure 1(c)). Mobilities and drift velocities along different 
field directions from this model have been summarized in 
comparison to the experimental values in table 1.
4. Results
To determine activation energies EA for the mobility of ther-
mally activated defects, temperature-dependent migration 
experiments were conducted. Figure  2 exemplarily shows 
electroformation cycles of (0 0 1), (1 1 0) and (1 1 1) oriented 
SrTiO3 single crystals at different temperatures, ranging 
from 11 °C–50 °C. As reported previously [16–18], such a 
current-time characteristic marks the redistribution of oxygen 
vacancies. Therefore, the characteristic time of the current 
maximum tmax in conjunction with the thickness of the sample 
d and the applied electric field E allows deduction of the drift 
velocity vD and defect mobility μ = = ⋅v E d E t/ /D max.
The position of the current maximum clearly shifts to 
smaller time values with increasing temperature for all sam-
ples. This temperature dependence of the defect mobility can 
be expressed by an Arrhenius equation:
μ μ= ⋅ −
⎛
⎝⎜
⎞
⎠⎟
E
k T
exp .0
A
B
 (2)
Plotting the logarithm of μ in respect to inverse temper-
ature, the slope of a linear regression yields the activation 
energy EA and the ordinate intercept is μln 0. Analysis was 
done for all representative crystallographic directions of the 
cubic crystal structure: ⟨ ⟩0 0 1 , ⟨ ⟩1 1 0 , ⟨ ⟩1 1 1  (see figure 3 and 
table 1). Activation energies for ⟨ ⟩0 0 1  and ⟨ ⟩1 1 0  of 0.7 eV 
conform to each other, whereas the high temperature limits μ0  
differ in one magnitude. In ⟨ ⟩1 1 1  a higher EA of 0.77 eV is 
determined, which means that migration is suppressed. In 
comparison, for SrTiO3 literature reports activation energies 
EA of 0.62–0.67 eV for nominally undoped SrTiO3 [30] and 
0.7 eV–1.2 eV depending on the Sr / Ti ratio [31] and the 
doping [13, 19, 32, 33]. Next to doping, deviations between 
references and experimental results are attributed to different 
measurement methods and temperatures at which the mea-
surements were carried out.
For each electroformation cycle the determined redistrib-
uted ionic charges Q (see figure 2) coincide for each temper-
ature, which proves that the number of migrating defects 
remains unchanged. From these charges the oxygen vacancy 
concentration can further be estimated. For the samples with 
⟨ ⟩0 0 1  and ⟨ ⟩1 1 1  orientation, concentrations are approxi-
mately ×6 1018 cm−3 and ×1 1018 cm−3 whereas for ⟨ ⟩1 1 0  
oriented SrTiO3 a much lower concentration of ×2 1016 cm−3 
can be evaluated. The discrepancy of almost two orders of 
magnitude can only be attributed to the crystal quality (see 
section 2), and does not depend on the crystal’s orientation.
As can be seen from figure 3 the mobility of oxygen vacan-
cies is enhanced in ⟨ ⟩0 0 1  in comparison to ⟨ ⟩1 1 0  and ⟨ ⟩1 1 1  
Figure 2. Time-dependent current through a SrTiO3 single crystal 
during the application of an external electric field of 106 V m−1 
along different crystallographic directions at varying temperatures 
between 11 °C and 50 °C. The insets show logarithmically 
scaled data with integrated charges Q during electroformation, 
respectively. Dashed lines exemplarily indicate characteristic times 
for coordinated double and triple jumps.
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5
directions. In figure 4 the measured oxygen vacancy mobili-
ties are compared to literature data [13, 25–27]. Different 
doping and varying applied electric fields cause variations in 
the data of up to two orders of magnitude.
Considering the development of the I(t)-curves, two other 
features are apparent before the main maximum. First, at the 
beginning of the current, a decrease is evident. This current 
could be attributed to an electronic contribution, which arises 
from detrapping of non-shallow defect states not activated at 
room temperature. This explanation is supported by the fact 
that the minimum is shifted to higher migration times for 
lower temperatures. Second, taking a more detailed look at 
the increase of the currents, two or even three different slopes 
appear before the current maximum at tmax for ⟨ ⟩1 1 1  and 
⟨ ⟩0 0 1  directions (see logarithmic scaled insets of figure 2). 
Lower temperatures lead to a more distinctive separation 
during electroformation. The features look similar in shape 
compared to the beginning of the main ionic currents but with 
expected maxima at about t /2max  and t /3max  and with intensi-
ties about one and two orders less in magnitude, respectively 
(see dashed lines in figure 2). These additional slopes cannot 
be detected in ⟨ ⟩1 1 0  directions due to the noise level of the 
experimental setup. Analysis by Arrhenius law shows equiva-
lent activation energies for these processes, but differing pre-
exponential mobilities μ0. An explanation by single VO
r  and 
double VO
rr charged vacancies and the related mobility change 
(compare equation (1)) can be excluded. In this case the max-
imum VO
r  current would be expected at twice the migration 
time of the maximum VO
rr current. Furthermore, the third slope 
does not fit in the picture of differently charged vacancies. 
Hence, these experimental findings are attributed to double 
or triple jumps during oxygen vacancy migration. This mul-
tiple vacancy jump (MVJ) mechanism is similar to the inter-
stitialcy mechanism [34, 35], where defect migration occurs 
via a coordinated movement of two or even more atoms (see 
figure 5).
5. Discussion
According to the experimental findings, electroformation is 
a thermally activated process, which can be described by an 
Arrhenius behavior. Since electronic contributions are temper-
ature-dependent as well, but are expected to occur on much 
faster time-scales, migration of defect species or ions can be 
concluded. Because diffusion and migration are enhanced for 
intrinsic defects with respect to the missing ion [36], redis-
tribution of defects most likely takes place. In pure as-grown 
SrTiO3 crystal only intrinsic defects have to be considered: 
VO
rr, ″VSr , ″″VTi , ″Oi , Sri
rr, Tii
rrrr. From an energetic point of 
view interstitials and titanium vacancies do not exist [11, 12] 
in strontium titanate. Strontium vacancies in SrTiO3 single 
crystals can be considered immobile at the experimental 
temper ature regime due to their high migration barrier of 
about 3.7 eV (2.9 eV via an oxygen vacancy) [37]. For this 
reason and in comparison with the energy barrier from DFT 
calculations [29] the experimentally determined activation 
barrier is a more or less direct proof that oxygen vacancies are 
the migrating defect species.
For oxygen vacancies migration proceeds along the TiO6 
octahedron network. In the cubic crystal structure, edges 
of these octahedron point in ⟨ ⟩1 1 0 , whereas the surfaces 
are normal to ⟨ ⟩1 1 1 . Cherry et  al [38] simulated oxygen 
Figure 3. Temperature dependence on the defect mobility for different crystallographic directions, which is determined by an Arrhenius 
behavior. Activation energies EA are given in table 2.
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migration in perovskite-type oxides taking place along ⟨ ⟩1 1 0  
directions corresponding to the BO6 octahedron edge. These 
jumps occur not in a direct linear manner but through a 
curved path, where the saddle point keeps away from the B 
site cation. This justifies the preliminary assumption that the 
highest mobility can be found along the direct path in ⟨ ⟩1 1 0  
directions. Nevertheless, in more complex considerations, as 
proposed in our model, the oxygen sublattice with all pos-
sible migration paths as well as their degeneracies has to be 
taken into account to determine the anisotropy of vacancy 
migration. In this respect, the theoretical mobility μ0 0 1 is even 
higher than μ1 1 0, in contrast to first glance expectation. This 
can be explained by the high average multiplicity of possible 
hopping sites in this direction and the slope of electrostatic 
potential being small compared to the overall thermal energy 
barrier (see equation (1)). Even though the first path in ⟨ ⟩1 1 0  
is most direct, due to its low multiplicity of one it cannot com-
pete with the ⟨ ⟩0 0 1  path and not even with the ⟨ ⟩1 1 1  path. 
The mobility in ⟨ ⟩1 1 0  is further lowered by the slow second 
path (′), taken by 2/3 of all successful jumps.
Modeling of μ0 results in μ0 0 1  >  μ1 1 1  >  μ1 1 0, which is 
confirmed by experimental data only for the extrapolated high 
temperature region (see figure 4). For ambient temperatures 
the Arrhenius analysis yields an inversion of the directions 
⟨ ⟩1 1 0  and ⟨ ⟩1 1 1  (see table  2 and figure  3). Since electro-
formation is caused by only one defect, Arrhenius analysis 
should yield similar activation energies for all crystallo-
graphic directions. However, the steep slope of μln  in ⟨ ⟩1 1 1  
directions causes an overestimation of μ0 and exhibits an 
appreciably higher activation energy, which is not explainable 
in the current picture. In general, literature reports higher acti-
vation energies for acceptor-dopant cations trapping oxygen 
vacancies [30, 33, 39, 40], especially in the low temperature 
regime, although this should be negligible for the investigated, 
nominally undoped samples. Other possible explanations for 
the enhanced activation energies could be surface effects or 
extended defects [28, 30, 41] as well as non-linear response 
due to high or inhomogeneous electric field distributions.
To keep the modeling as unbiased as possible with respect 
to experimental parameters, the model employs only para-
meters derived from first principles without information from 
the experiment. Thus, the theoretical values of μ and vD are 
tunable by the linear overall scale factor of the attempt fre-
quency f. Also, the temperature dependence of the mobility 
could be adapted to match the experimental behavior by taking 
an intermediate experimental activation energy. Nevertheless, 
the agreement between model and experiment is remarkable, 
not only qualitatively but also in terms of absolute mobilities. 
In particular the relative ratios 0 0 1/1 1 0 are in good agree-
ment. In contrast, ratios relative to 1 1 1 deviate due to the high 
exper imental activation energy for this direction.
Finally, for transport phenomena in electrochemical energy 
storage, sensors and data memories, where oxygen vacancy 
migration plays a key role, some conclusions for applica-
tions can be drawn. Optimized crystallographic orienta-
tion of single crystals and textured thin films is essential for 
highest possible ion or defect mobility, which corresponds 
to faster charge and discharge cycles in batteries as well as 
faster forming processes and response times in data storage. 
As expected for ionic migration, higher temperatures yield a 
more rapid charging and discharging behavior. These findings 
could be beneficial as well for optimized data storage working 
temperatures, e.g. improved by using waste heat. By realizing 
oxygen vacancy migration with lower electric fields using 
optimized crystal orientation, electrochemical energy storage 
on the basis of defect redistribution [17] would become more 
interesting for commercial use.
6. Conclusion
In summary, electroformation in SrTiO3 leads to an Arrhenius 
relation, which proves that migration of ionic species, e.g. 
charged defects, takes place. From this analysis, activation 
energies have been determined depending on the crystallo-
graphic orientation, where ⟨ ⟩0 0 1  and ⟨ ⟩1 1 0  directions yield 
a barrier height of 0.70 eV and ⟨ ⟩1 1 1  directions an increased 
value of 0.77 eV. Consequentially, in the ambient temper-
ature regime, defect mobility is highest in ⟨ ⟩0 0 1 , followed 
Figure 4. Comparison of oxygen vacancy mobility in SrTiO3  
[13, 19, 25–27] in different crystallographic orientations in as-grown 
as well as Fe, Ni, Mo and Al doped crystals. Literature values were 
collected at various electric fields. Asterisks denote own data, which 
are extrapolated to span the entire temperature range.
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7
by ⟨ ⟩1 1 0  and ⟨ ⟩1 1 1  orientation. An interpretation of cor-
related ionic current maxima could be given by a multiple 
vacancy jump (MVJ) mechanism. A sophisticated atomistic 
migration model has been presented taking into account all 
possible migration paths of oxygen vacancies and their mul-
tiplicities for the investigated crystallographic directions. 
Comparison between experimental and calculated values con-
form to each other, not only qualitatively but also in terms of 
absolute values. Furthermore, oxygen vacancy concentrations 
were determined for the investigated samples from the ionic 
currents.
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4 Diskussion
4.1 Realstruktur und Temperaturbehandlung
Sowohl mittels oberﬂächen- als auch volumensensitiver Charakterisierungsmethoden
wurde gezeigt, dass die optischen und elektrischen Eigenschaften des SrTiO3-Einkristalls
wesentlich von der Konzentration vorhandener Punktdefekte, höher dimensionaler De-
fekte und der damit verknüpften Realstruktur abhängen. Die Bedeutung atmosphäri-
scher Oberﬂächenadsorbate muss dabei berücksichtigt werden, sodass sich vor allem
Einﬂüsse auf das oberﬂächennahe Kristallvolumen ergeben.
4.1.1 Interaktion von Punktdefekten
Die Bestimmung der Sauerstoﬀvakanzkonzentration eines unbehandelten SrTiO3-Ein-
kristalls ist aufgrund der Nachweisgrenze vieler Methoden kaum möglich, wird aber
im Rahmen einfacher Modellannahmen im Bereich von 1016...1018cm−3 erwartet (sie-
he Abschnitte 3.1 und 3.5). Durch Temperaturbehandlung unter Vakuum im mittle-
ren Temperaturbereich von 900 ◦C konnten Sauerstoﬀvakanzen induziert werden (siehe
Abschnitt 3.1). Der Nachweis gelang indirekt durch das Vorhandensein freier Ladungs-
träger über deren Absorption im infraroten Spektralbereich und korreliert direkt mit
der Leitfähigkeit, die mit zunehmender Sauerstoeerstellenkonzentration steigt. Ermit-
telte Ladungsträgerdichten weichen von den Werten aus der Literatur [139] um etwa
zwei Größenordnungen ab, wobei die dort berichteten Konzentrationen bei kürzeren
Temperzeiten erreicht wurden. Infolge der starken Dotierung mit Sauerstoeerstellen
und der damit verbundenen Verschmelzung von Donatorniveaus, welche unterhalb der
Leitungsbandkante lokalisiert sind, verschiebt sich die Lage der Fermi-Energie in dieses
Defektband und führt zur einer eﬀektiv verkleinerten Bandlücke (siehe Abschnitt 3.1).
Des Weiteren spielen Punktdefekte, insbesondere Sauerstoﬀvakanzen, eine wichtige
Rolle hinsichtlich ihrer Interaktion mit der umgebenden Atmosphäre, denn sie gelten
als aktive Redoxzentren [140]. So konnte die Passivierung von Sauerstoﬀvakanzen in
oberﬂächennahen Bereichen durch atmosphärische Sauerstoﬀspezies mittels Photolu-
mineszenzmessungen aufgezeigt werden (siehe Abschnitt 3.1). Unter Bestrahlung durch
einen UV-Laser mit hoher Leistungsdichte gelang es, adsorbierte Sauerstoﬀspezies ober-
ﬂächennah auf Vakanzpositionen einzubauen und somit die defektreiche Oberﬂäche
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Abb. 4.1: Photolumineszenzspektren eines unbehandelten und Fe-dotierten-SrTiO3-Einkristalls: Die
Lumineszenzbänder bei 430 nm und 520 nm sind bei der unbehandelten Probe viel stärker ausgeprägt
als bei der Fe-dotierten Probe. Das Lumineszenzband bei 595 nm wird dem Eisendefekt zugeordnet
und tritt, wie zu erwarten, bei der dotierten Probe markanter hervor.
auszuheilen  gleichzusetzen mit einer punktuellen Rekristallisation. Anhand von Pho-
tolumineszenzspektren bestätigte sich auch die Verunreinigung der SrTiO3-Einkristalle
mit Fe, welche bereits durch Atomemissionsspektroskopie qualitativ gefunden wurde.
Die Lumineszenzbänder verursacht durch Sauerstoﬀdefekte an der Oberﬂäche (430 nm)
[80] und einer defektreichen Oberﬂäche (520 nm) [141, 142], verglichen mit dem des Ei-
sendefektes (595 nm) [93, 143], sind für unbehandeltes SrTiO3 sehr viel stärker ausge-
prägt als für Fe-dotiertes, wo der Fe-Defekt markant zu sehen ist (Abbildung 4.1). Die
um 595 nm vorhandene Intensität verdeutlicht, dass selbst in undotierten Einkristallen
Verunreinigungen in Form von Akzeptoren vorhanden sind, welche die Defektgleichge-
wichte beeinﬂussen, z. B. durch die Bildung von Akzeptor-Sauerstoﬀvakanz-Clustern.
Die intrinsischen und extrinsischen Defekte wirken sich explizit auf die elektrischen
Eigenschaften aus. So lassen sich die Unterschiede der Strom-Zeit-Kurven für ver-
schiedene Einkristalle (siehe Abschnitt 3.5) auf ihre Realstruktur zurückführen, welche
aufgrund unterschiedlicher Kristallchargen und Probenpräparation unvermeidbar sind.
Doch nicht nur die elektrische Signatur variiert innerhalb der untersuchten Proben, son-
dern auch minimale strukturelle Abweichungen können hinsichtlich Versetzungsdichte
und Mosaizität detektiert werden (siehe Abschnitt 4.1.2). Dessen ungeachtet sind die
Variationen nur quantitativer Natur und beeinträchtigen keine qualitativen Ergebnisse.
4.2 Umverteilung der Sauerstoeerstellen im elektrischen Feld 83
4.1.2 Einﬂuss ausgedehnter Defekte
Die Abbildung der Kristallqualität mithilfe von Diﬀraktogrammen eines einzelnen 00l-
Reﬂexes im reziproken Raum oﬀenbart eine geringe Mosaizität des Einkristalls und
erklärt gleichzeitig die Verbreiterung der Röntgenreﬂexe (siehe Abschnitt 3.4). Die
Mosaikstruktur kann weitestgehend auf den Wachstumsprozess zurückgeführt wer-
den [144]. Aber auch durch die anschließende Säge- und Polierbeanspruchung kommt es
zur Erzeugung von Versetzungen, welche mittels Spannungsdoppelbrechung nachweis-
bar sind. Die Versetzungsdichte nimmt mit zunehmender Tiefe in den Einkristall ab
und kann durch Temperaturbehandlung bei 900 ◦C weiter reduziert werden (siehe Ab-
schnitt 3.1). Dieser Realstrukturparameter ist insofern von Bedeutung, da ausgedehnte
Defekte maßgeblich die Aktivierungsenergie für Sauerstoﬀvakanzmigration beeinﬂus-
sen [69, 112, 113].
4.2 Umverteilung der Sauerstoeerstellen im
elektrischen Feld
Anhand von temperatur- und richtungsabhängigen Elektroformierungen wurde die
Charakteristik und die Kinetik von Transportprozessen im SrTiO3-Einkristall unter-
sucht (siehe Abschnitt 3.5). Der typische Verlauf zeigt zunächst einen Anstieg des
Stromes, gefolgt von einem Abfall bis hin zum Erreichen eines Plateaus in Höhe des
Leckstromes. Aufgrund dessen, dass der Prozess einem Arrheniuszusammenhang folgt
und die Entwicklung des Stromes auf einer Zeitskala von Stunden passiert, kann es
sich eigentlich nur um ionischen Transport handeln. Zusätzlich sind die Mobilitäten
für Lehrstellen immer höher als für die dazugehörigen Ionen [109], weshalb Elektrofor-
mierung auf defektinduziertem Teilchentransport basiert. Wie in Abschnitt 2.2.1 darge-
legt, sind im untersuchten Temperaturbereich ausschließlich Sauerstoﬀvakanzen mobil.
Auch die ermittelte Aktivierungsenergie EA = 0,6 eV deutet auf die Bewegung von
Sauerstoﬀvakanzen hin (siehe Abschnitt 2.3). Die Migration dieser Defekte führt zur
Ausbildung einer Anisotropie im Kristall: Depletion an der positiven Anode und Ak-
kumulation an der negativen Kathode. Folglich wird diese Seite des Kristalls aufgrund
des Donator-Charakters der Sauerstoeerstelle sehr leitfähig und bekommt die aus
der Literatur gängige Bezeichnung virtuelle Kathode [145, 146]. Die Bestätigung des
metallischen Charakters liefert die pyroelektrische Messung (siehe Abschnitt 3.4). Für
eine thermische Anregung von 1K Anregungsamplitude überwiegt die lineare Antwort
der metallischen Kathode gegenüber der exponentiellen Antwort der halbleitenden An-
ode und bestimmt den Charakter des thermisch stimulierten Stromes. Versuche, die
Umverteilung der Sauerstoﬀdefekte anhand neuer Zustände in der Bandlücke mittels
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In-situ-Photolumineszenz sichtbar zu machen, führten leider nicht zum Erfolg [147].
Die aus der Literatur [148, 149] berichtete Sr-Wanderung in dünnen Schichten, be-
dingt durch externe elektrische Felder und gefolgt von einer Segregation von Sr an der
Oberﬂäche, war in den bisherigen Experimenten nicht zweifelsfrei nachweisbar. Eini-
ge Hinweise auf Sr-Migration gab es anhand von Langzeit-Elektroformierungen von
mehreren Tagen, welche breite, aber minimale Strommaxima sowie Trends in den Ab-
weichungen von der idealen Zusammensetzung nach anschließender spektroskopischer
Analyse mittels Elektronenenergieverlustspektroskopie und energiedispersiver Rönt-
genspektroskopie, allerdings im Fehler der Messmethodik, aufwiesen. Dennoch lassen
sich die Experimente aus der Literatur mit den hier dargestellten Befunden nicht ein-
fach vergleichen. Wesentliche Unterschiede sind die Verwendung von makroskopischen
Einkristallen, ﬂächigen Elektroden im mm2-Bereich, kleineren Feldern und  der viel-
leicht entscheidendste Punkt  die viel geringeren detektierten Ströme, die zu geringerer
Joulscher Wärme führen und damit die Sr-Wanderung erschweren.
Die dargestellte Abhängigkeit der Leitfähigkeit von der Sauerstoeerstellenkonzen-
tration (siehe Abschnitt 2.3.1) führt unweigerlich zur Frage, welchen Einﬂuss die Dotie-
rung mit derartigen Punktdefekten auf die Elektroformierung besitzt. Die Experimen-
te lassen diesen Zusammenhang jedoch vermissen, da mit Sauerstoﬀvakanzen dotierte
Einkristalle eine zu hohe Leitfähigkeit aufweisen und eine Elektroformierung daher un-
möglich ist. Dessen ungeachtet sind Schwankungen in den absoluten Strömen zwischen
verschiedenen Einkristallen über mehrere Größenordnungen zu verzeichnen (siehe z. B.
Abschnitt 3.5), was sich im Wesentlichen auf die Realstruktur mit all ihren Defekten,
wie z. B. Versetzungen, zurückführen lässt.
4.3 Strukturänderung  Bildung der
migrationsinduzierten feldstabilisierten polaren
(MFP) Phase
Zeitabhängige Röntgenbeugungsexperimente an (001)-orientierten SrTiO3-Einkristallen
während der Elektroformierung zeigen eine deutliche Schulterausbildung an den jewei-
ligen 00l-Reﬂexen zu größeren Gitterkonstanten an der Kristallseite mit positivem Po-
tential (Anode). Die Zunahme des Gitterparameters c anhand von 00l-Reﬂexen und die
Schulterausbildung an 0kl-Reﬂexen, welche im Vergleich eine kleinere Netzebenendeh-
nung aufzeigen (siehe Abschnitt 3.2), lassen auf eine tetragonale Verzerrung schließen,
die mit Stauchung der Gitterparameter a und b einhergeht. Dies führt zur Schlussfolge-
rung, dass sich das Zellvolumen der Elementarzelle nicht wesentlich ändert. Anisotropes
In-plane-Verhalten ist an dieser Stelle auch nicht zu erwarten, da eine Vorzugsrichtung
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Tab. 4.1: Raumgruppen und Gitterparameter ausgewählter RP-Phasen. Die In-plane- und Out-of-
plane-Deformationsverhältnisse ε in Bezug auf den SrTiO3-Einkristall sind angegeben.
n Phase Raumgruppe a (Å) c (Å) εip εoop Ref.
1 Sr2TiO4 I4/mmm 3,8834 12,5863 −4,5× 10−3 2,23 [31]
2 Sr3Ti2O7 I4/mmm 3,9026 20,3716 +0,4× 10−3 4,22 [32]
3 Sr4Ti3O10 I4/mmm 3,9000 28,1000 −0,3× 10−3 6,20 [26]
∞ SrTiO3 Pm3¯m 3,9010 3,90100 [23]
nur durch das elektrische Feld aufgeprägt wird, welches senkrecht dazu wirkt. Für einen
100µm dicken Kristall konnte eine Gitterdehnung in [001] von εoop ≈ 0,13% und eine
Gitterstauchung von εip ≈ −0,07% in [100] und [010] bestimmt werden.
Die tetragonale Verzerrung der SrTiO3-Elementarzelle ist in der Literatur bereits
dokumentiert [150152] und konnte bisher nur an unpolierten Einkristalloberﬂächen
nachgewiesen werden, was die Interpretation nahelegt, dass es eine Deformation der
Elementarzelle im Ausgangszustand ohne elektrische Feldeinwirkung voraussetzt. Die
erweiterte Modellvorstellung [151, 152] sieht, ähnlich dem in Kapitel 4.2 beschriebe-
nen Sauerstoﬀtransport, eine Wanderung des Sauerstoﬀes an die Oberﬂäche vor, um
dort mit überschüssigem Strontium reversibel Ruddlesden-Popper-Phasen zu bilden,
welche kohärent mit der umgebenden Matrix verwachsen. Tabelle 4.1 zeigt die Raum-
gruppen und Gitterparameter für die Mitglieder n = 1, 2, 3,∞ der RP-Phasen sowie
die In-plane- und Out-of-plane-Deformationsverhältnisse ε, da die Stapelfehler sowohl
parallel als auch senkrecht zur Migrations- bzw. elektrischen Feldrichtung eingebaut
werden könnten. Für die parallele Wachstumsrichtung sollten 00l-Überstrukturreﬂexe
nachweisbar sein. Die eigene Überprüfung des Auftretens solcher zusätzlicher Reﬂexe
sowohl in symmetrischen Röntgenbeugungsexperimenten als auch im streifenden Ein-
fall, konnte die Bildung dieser Sekundärphasen nicht bestätigen (siehe Abschnitt 3.5).
Für die Verwachsung der SrO-Ebenen senkrecht zur Feldrichtung spricht eine von Bo-
beth et al. vorgeschlagene Modellvorstellung, welche den Auf- und Abbau einer SrO-
Ebene infolge der Sr-Wanderung zur Anode vorschlägt, um kompressiven Stress in
der ab-Ebene zu erklären. Die SrTiO3-Matrix würde durch zusätzliche SrO-Ebenen
gestaucht werden, was mit steigendem n sogar noch zunimmt.
Im eigenen Experiment deutet die zeitliche Korrelation des Formierstromes mit der
Ausbildung der Schulter vielmehr auf eine Abhängigkeit zwischen tetragonaler Verzer-
rung und Teilchentransport hin, d. h. die Dehnung der Elementarzelle hat ihren Ur-
sprung in der Umverteilung der Defekte. Diese Annahme wird durch die inhomogene
Verteilung der tetragonalen Verzerrung zwischen Anode (+-Pol) und Kathode (−-Pol)
zusätzlich verstärkt, denn kathodenseitig bleibt der c-Gitterparameter unverändert.
Ein wesentlicher Aspekt für die Entwicklung der Modellvorstellung war der Nachweis
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der Brechung der Zentrosymmetrie innerhalb der Kristallstruktur durch das Auftre-
ten zusätzlicher niederenergetischer Moden erster Ordnung im Ramanspektrum [153].
Leider war es nicht möglich die Polarisation in der Struktur anhand der soft mo-
de nachzuweisen (vgl. Abschnitt 2.1.2), weil zum einen nicht temperaturabhängig und
zum anderen nicht bei derartig niedrigen Wellenzahlen ν gemessen wurde. Zum Ver-
gleich sei die Bestimmung der soft mode aus Referenz [50] erwähnt, welche νsoft für
250K bei 85 cm−1 angibt. Weiterhin berichtet die Literatur, dass in der kubischen
Perowskitstruktur mit Raumgruppe Pm3¯m durch Anlegen eines elektrischen Feldes in
[001]-Richtung der Verlust der Inversionssymmetrie einen Symmetrieabstieg in die, für
Perowskite bekannte [4], polare Punktgruppe 4mm hervorruft [50, 154].
Ausgehend von diesen experimentellen Befunden konnte das Modell zur Bildung der
migrationsinduzierten feldstabilisierten polaren (MFP) Phase aufgestellt werden (sie-
he Abschnitt 3.2). Die im Ausgangszustand vorhandenen Sauerstoﬀvakanzen führen zu
kleinen Verrückungen des Titans gegen die Sauerstoﬀe, was zur Ausbildung eines Dipol-
momentes führt. Aufgrund der Inversionssymmetrie in der Struktur kompensieren sich
die vorhandenen Dipole der angrenzenden Elementarzellen. Durch Anlegen des elektri-
schen Feldes werden die Verschiebungen der Ionen entsprechend ihrer Ladung verstärkt.
Zusätzlich fangen die Sauerstoﬀvakanzen an zu migrieren und hinterlassen eine punkt-
defektfreie Elementarzelle, wobei die apikale Auslenkung des Ti-Ions aus der Mitte des
Sauerstoﬀoktaeders erhalten bleibt (siehe Abbildung 4.2). Ein wesentlicher Aspekt ist
dabei die Feldstabilisierung der Kristallstruktur, denn bei Abschalten des elektrischen
Feldes geht das Dipolmoment verloren. Dessen ungeachtet hängt die maximale Git-
terdehnung in erster Linie von der elektrischen Feldstärke E und ferner auch von der
Realstruktur des Einkristalls ab. Einen wesentlichen Einﬂuss auf die tetragonale Verzer-
rung der Elementarzelle zeigt nämlich die Dotierung. Während Donatoren die Probe zu
leitfähig werden lassen, um das nötige elektrische Feld anzulegen, verhindern Akzepto-
ren aktiv die Ausbildung der Schulter zu größeren Gitterkonstanten. Dieser Eﬀekt kann
dadurch erklärt werden, dass die Dotierelemente ortsfeste Sauerstoﬀvakanz-Akzeptor-
Komplexe bilden und die für die Ausbildung der MFP-Phase wichtige Migration der
Vakanzen verhindern.
4.3.1 Raumgruppe der MFP-Phase
Anhand von zeit- und spannungsabhängigen Ramanmessungen konnte gezeigt werden,
dass die Kristallstruktur der MFP-Phase nicht zur Symmetriegruppe des Oktaeders Oh
gehört. Die Entstehung von Phononen erster Ordnung ist dabei ein klares Indiz für
die Brechung der Zentrosymmetrie der ursprünglichen Raumgruppe Pm3¯m, da kubi-
sches SrTiO3 nur ein Ramanspektrum zweiter Ordnung besitzt [153]. Mit dem Verlust
der Inversionssymmetrie geht ein Symmetrieabstieg einher, welcher translationsgleich
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Abb. 4.2: Strukturmodell zur Entstehung der migrationsinduzierten feldstabilisierten polaren (MFP)
Phase in SrTiO3. Aus der ursprünglich zentrosymmetrischen kubischen Elementarzelle mit der Raum-
gruppe Pm3¯m (links) bildet sich durch die Migration von Sauerstoﬀvakanzen im externen elektrischen
Feld eine polare tetragonal-verzerrte Struktur mit der Raumgruppe P4mm (rechts). Diese Verzerrung
ist reversibel und verschwindet bei Abschalten des elektrischen Feldes.
oder klassengleich erfolgen kann. Da Letzteres zumeist mit einer Vergrößerung der Git-
terparameter und in jedem Fall dem Beibehalten des Kristallsystems verbunden ist,
kann ein klassengleicher Symmetrieabstieg hier ausgeschlossen werden, was sich aus
der Tetragonalität der neuen Einheitszelle und dem Fehlen von zusätzlichen Reﬂexen
ableiten lässt (siehe Abschnitt 3.4). Unter der begründeten Annahme, dass die Raum-
gruppe tetragonale Symmetrie aufweisen muss, minimiert sich die Anzahl aller nieder-
symmetrischen translationsgleichen Raumgruppen von 32 auf acht: P 4¯m2, P 4¯2m, P 4¯,
P4/mmm, P4/m, P4mm, P422 und P4.
Unter Berücksichtigung der pyroelektrischen Eigenschaft der MFP-Phase bleiben
nur P4 oder P4mm als mögliche Raumgruppen bestehen [155]. Für P4 müssten ne-
ben dem Verlust der dreizähligen Drehachse in <111> und des Inversionszentrums
die beiden Spiegelebenen in <100> und <110> verloren gehen. Diese Forderung wä-
re nur erfüllt, wenn der Sauerstoﬀoktaeder eine anisotrope Verzerrung in [100]- und
[010]-Richtung erfahren würde, was neben der vom elektrischen Feld vorgegebenen
ausgezeichneten [001]-Richtung einen anderen äußeren Einﬂuss voraussetzt. Denkbar
wäre noch eine Verdrehung der Oktaeder wie in der antiferrodistortiven Phase von
SrTiO3 [36, 156]. Allerdings verursacht das eine Vergrößerung der Elementarzelle und
das Auftreten von Überstrukturreﬂexen, welche nicht gemessen werden konnten. Na-
heliegend erscheint deshalb die Raumgruppe P4mm, nicht zuletzt weil das verwandte
Bariumtitanat BaTiO3 in dieser Symmetrie kristallisiert. Ebenso oﬀenbart der Ver-
gleich mit der in der Literatur verzeichneten structure-ﬁeld map [4] für A2+B4+O3-
Perowskite neben kubischen, orthorhombischen und rhomboedrischen nur diese eine
tetragonale Raumgruppe (siehe Abbildung 4.3).
Die in der MFP-Phase hervorgerufene feldinduzierte Polarisation bei Raumtempe-
ratur infolge einer Defektumverteilung ist in der Literatur so noch nicht berichtet.
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Abb. 4.3: Structure-ﬁeld map für A2+B4+O3-Perowskite (nach [4]).
Ähnliche Arbeiten beschäftigen sich mit feldinduzierter Polarisierbarkeit der Tieftem-
peraturphase bei Temperaturen unterhalb von 8K und zeigen dazu eine Kopplung an
die niederenergetischste Phononenmode [50]. Die Verschiebung der Ladungschwerpunk-
te in der perowskitischen Kristallstruktur wird durch die Messung dieser soft mode
und der Anomalie der dielektrischen Funktion [41] bestätigt (siehe Abschnitt 2.1.2).
Diese eher indirekten Messmethoden zum Nachweis polarer Eigenschaften oder von
ferroelektrischen Phasenübergängen, machen es aufgrund dessen, dass ein solcher in
SrTiO3 niemals vollständig erreicht wird, unmöglich eine Strukturlösung zu ﬁnden. In
der Inorganic Crystal Structure Database ICSD [157] sind entweder unpolare für Volu-
menmaterial oder polare Strukturen für Oberﬂächenrekonstruktionen [158, 159] oder
Isotopenaustausch [48] aufgeführt.
Aus dem aktuellen Kenntnisstand lässt sich, ableitend von den Messergebnissen
und einer anschließenden Symmetriebetrachtung, für die MFP-Phase die Raumgrup-
pe P4mm schlussfolgern. An dieser Stelle sei jedoch darauf hingewiesen, dass sich
eine herkömmliche Strukturlösung mittels Einkristalldiﬀraktometrie als schwierig ge-
staltet. Zum einen gibt es aufgrund der elektrischen Kontaktierung der Probe Ein-
schränkungen in der Anzahl der messbaren Reﬂexe. Zum anderen müssen Winkel- und
Energieauﬂösung sowie Strahldivergenz ausreichen, um die minimale Änderung des
c-Gitterparameters im Promille-Bereich zu detektieren. Zusätzlich behindert das Kon-
tinuum zwischen Hauptreﬂex des SrTiO3 und der MFP-Phase eine klare Trennung der
beiden Strukturen.
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4.3.2 Phasenübergang
Der Phasenübergang des kubischen SrTiO3 in die MFP-Phase vollzieht sich nach der
Deﬁnition eines Phasenüberganges zweiter Ordnung, denn es kommt zu einer stetigen
strukturellen Umwandlung, begleitet durch eine sprunghafte Änderung einer Stoﬀei-
genschaft [160]. Der entsprechende Ordnungsparameter ist das entstehende Dipolmo-
ment. Es handelt sich außerdem um einen displaziven Phasenübergang, bei dem die
negativen Sauerstoﬃonen gegen das positive Titanion verschoben werden [161]. Die
Theorien zu Phasenumwandlungen in Festkörpern beschreiben diese zumeist in Ab-
hängigkeit von der Temperatur. Allerdings berichtet die Literatur ebenso von feldin-
duzierten Phasenumwandlungen vorwiegend an polaren Kristallstrukturen [162165]
oder Polymeren [166]. Wenige Arbeiten beschreiben Phasenübergänge mittels elektri-
scher Felder an unpolaren Strukturen, z. B. für inversionssymmetrisches SrTiO3 und
KTaO3 [50, 154, 167], welche direkt an weiche Phononen koppeln und somit den Pha-
senübergang hervorrufen. Vor diesem Hintergrund ist der hier diskutierte strukturelle
Phasenübergang insofern eine Besonderheit, da er sich defektinduziert von einer unpo-
laren in eine polare Struktur vollzieht.
4.3.3 Beeinﬂussung der MFP-Phase durch das elektrische Feld
Weiterführende Untersuchungen zur MFP-Phase zeigen eine direkte Proportionalität
der tetragonalen Verzerrung der Elementarzelle in c-Richtung mit der elektrischen Feld-
stärke (siehe Abschnitt 3.2) mit einem korrigierten Determinationskoeﬃzient von 0,998.
Dieser Zusammenhang gilt ebenso für das schrittweise Abschalten des elektrischen Fel-
des, wobei durch die Entstehung der virtuellen Kathode und der damit einhergehen-
den Verkleinerung des isolierenden Kristallvolumens eine Erhöhung der elektrischen
Feldstärke folgt. Daraus ergibt sich eine Hysterese, welche im absteigenden Zweig bei
E = 0 eine minimale Verzerrung des c-Gitterparameters aufweist. Ramanmessungen
deuten auf das sofortige Zurückkehren der Inversionssymmetrie in die Struktur beim
Abschalten der Spannung hin (siehe Abschnitt 4.3.4), was den feldstabilisierten Cha-
rakter der MFP-Phase unterstreicht.
Die Frage ist daher, was bei E = 0 genau passiert. Eine gewisse Zeit bleibt ∆c erhal-
ten, wenngleich die Inversionssymmetrie instantan zurückkehrt. Die MFP-Phase bricht
zusammen und wandelt sich in ihre kubische zentrosymmetrische Struktur zurück, weil
es zum einen energetisch günstiger ist und zum anderen die Gitterrelaxation zum Mut-
terkristall diesen Prozess unterstützt. Die kubische Kristallstruktur lässt sich daher
für E = 0 als stabilere Modiﬁkation klassiﬁzieren, die für E > 0 überwunden werden
kann, wenn die Energiebarriere durch Migration einer Sauerstoﬀvakanz ausreichend
abgesenkt wird.
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Die elektromechanische Kopplung zwischen c-Gitterparameter und elektrischem Feld
deutet auf Piezoelektrizität in der MFP-Phase hin. Elektrostriktives Verhalten oder der
inverse piezoelektrische Eﬀekt wurden in diesem Zusammenhang als Kopplungsphäno-
mene für die tetragonale Verzerrung diskutiert [150]. Elektrostriktion ist durch einen
Tensor vierter Ordnung charakterisiert, welcher keine Einschränkungen hinsichtlich der
Punktgruppen mit sich bringt, und die Proportionalität zwischen Dehnung ε = ∆c/c
und P 2 feldrichtungsabhängig herstellt [160, 168]. Dies steht aber im Widerspruch zu
den experimentellen Ergebnissen, die den linearen Zusammenhang ∆c ∼ E aufzei-
gen (siehe Abschnitt 3.2). Piezoelektrische Eigenschaften der MFP-Phase sind inso-
fern bestätigt, da Pyroelektrika als echte Untermenge von Piezoelektrika gelten. Ob es
sich bei der MFP-Phase um ein Ferroelektrikum handelt, ist aktuell noch Gegenstand
der Forschung. Die Raumgruppe P4mm lässt zumindest die Ferroelektrizität zu, denn
kristallographisch gibt es im Vergleich zur Pyroelektrizität keine weitere Einschrän-
kung [155, 168]. Sekundäre ferroische Phänomene, wie die Ferrobielektrizität, können
für die MFP-Phase ausgeschlossen werden, weil die durch Migration von Sauerstoﬀ-
vakanzen hervorgerufenen polaren Elementarzellen im elektrischen Feld immer gleich
ausgerichtet sind, das heißt bei der MFP-Phase handelt es sich um einen eindomä-
nigen Zustand  ein wesentlicher Vorteil der Feldinduzierung. Diese Eigenschaft der
Phase verhindert z. B. auch eine In-plane-Polarisation, denn die <100>- und <010>-
Richtungen sind symmetrieäquivalent.
4.3.4 Dynamik der MFP-Phase
Die Ausbildung der MFP-Phase geschieht aufgrund der Kopplung an die Migration der
Sauerstoﬀdefekte mit Mobilitäten im Bereich von µ001 = 10−10 cm2/Vs sehr langsam.
Für einen 100µm dicken Einkristall ist nach ungefähr sechs Stunden eine komplette
Defektpolarisation und die damit verbundene Verzerrung des c-Gitterparameters er-
reicht. Infolge des Abschaltens des elektrischen Feldes verschwindet die MFP-Phase
reversibel und oﬀenbart interessante Aspekte, denn die strukturelle Modiﬁkation ist
defektchemisch initiiert, aber durch das elektrische Feld stabilisiert. Nach bisherigem
Kenntnisstand lassen sich die ablaufenden Prozesse auf drei verschiedenen Zeitskalen
beobachten:
1. Das augenblickliche Zurückkehren der Inversionssymmetrie, welche durch den so-
fortigen Verlust der Phononenmoden nachweisbar ist.
2. Sukzessive Relaxation der tetragonalen Verzerrung innerhalb von Minuten, beo-
bachtbar anhand zeitabhängiger Röntgendiﬀraktometrie.
3. Abbau des Defektkonzentrationsgradienten innerhalb des Einkristalls nach eini-
gen Stunden, ersichtlich anhand des invertierten Stromes nach Feldabschaltung.
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Abb. 4.4: Nachweis der Schaltbarkeit der MFP-Phase an einem 100µm dicken SrTiO3-Einkristall, der
zuvor über mehrere Tage einem elektrischen Feld von 106V/m ausgesetzt wurde. Die Reﬂexintensität
der MFP-Phase folgt dem An- und Abschalten des elektrischen Feldes. Alle Röntgendiﬀraktogramme
wurden über eine Zeit von ca. 16,7 Minuten aufgenommen.
Die beiden ersten Zeitskalen lassen auf einen zweistuﬁgen Symmetrieaufstieg schließen,
der zunächst die apikale Auslenkung des Titans und damit die Nicht-Zentrosymmetrie
abbaut und anschließend die tetragonale Gitterverzerrung relaxiert. Da der Symmetrie-
aufstieg aus P4mm in die ursprüngliche Raumgruppe Pm3¯m nur über eine mögliche
tetragonale Raumgruppe erfolgen kann (siehe Abschnitt 3.4), wird P4/mmm als kris-
tallographische Zwischenstufe vorgeschlagen.
Hinsichtlich dynamischer Aspekte konnte die Schwellspannung für die Defektpolari-
sation und Ausbildung der MFP-Phase am 100µm dicken Einkristall auf 20V reduziert
werden, wobei sich die Defektmigration zum einen langsamer und zum anderen inte-
gral geringer zeigt. Dessen ungeachtet ist die Reduzierung der notwendigen elektrischen
Felder ein wesentlicher Schritt in Richtung anwendungsrelevanter Parameter. Aus dy-
namischer Sicht ergibt sich noch das anzustrebende Ziel der stabilen Schaltbarkeit
der MFP-Phase. Erste Untersuchungen zeigen diese Eigenschaft an Einkristallen, wel-
che entweder hohe oder moderate elektrische Felder über einen langen Zeitraum von
Wochen erfahren haben (siehe Abbildung 4.4). Dieser experimentelle Befund deutet
auf eine irreversible Veränderung der Anodenseite des Einkristalls hin, die die direkte
Kopplung des elektrischen Feldes an die Struktur zulässt. Mögliche Ursachen sind dabei
in der Sr-Wanderung zu ﬁnden [148, 149], welche die kubische Kristallstruktur anfällig
für Gitterverzerrungen und Auslenkungen des Titans aus seiner Oktaedermitte macht.
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4.4 Funktionalisierung durch Defekte
Die Interaktion von ausreichend mobilen Defekten mit einem externen elektrischen
Feld als eine Möglichkeit der Materialmodiﬁzierung zeigt eindrucksvoll das Poten-tial
neue Eigenschaften in Übergangsmetalloxiden zu erzielen, aus denen entsprechende
Funktionalitäten abgeleitet werden können. Zum einen führt die Defektpolarisation im
SrTiO3-Einkristall aus defektchemischer Sicht zu einem Stöchiometriegradienten, der
eine elektromotorische Kraft bedingt, welche aufgrund ihres exergonischen Charakters
ein Konzept zur Energiespeicherung darstellt. Zum anderen bedingt die Defektmigra-
tion strukturelle Änderungen im Hinblick auf die Ausbildung einer pyroelektrischen
Phase, was die Anwendung als Energiewandler ermöglicht.
4.4.1 Elektrochemische Energiespeicher
Die Etablierung einer elektromotorischen Kraft infolge eines Defektkonzentrations-
gradienten konnte zuletzt in redox-basierten Widerstandsschaltern nachgewiesen wer-
den [169]. In Anlehnung daran zeichnet sich die hier vorgestellte makroskopische Fest-
körperbatterie durch die Verwendung eines einzigen Materials aus, welches gleichzeitig
als Anode, Kathode und Festkörperelektrolyt fungiert. Wichtige Anforderungen an
elektrochemische Energiespeicher, wie thermische und chemische Stabilität, Zyklen-
festigkeit, geringe Kosten, Wiederauﬂadbarkeit sowie Umweltverträglichkeit, werden
ebenso erfüllt. Um jedoch Anwendungsrelevanz zu erlangen, müsste die Kapazität von
bisher 3mAh/kg um mehr als fünf Größenordnungen erhöht und die Ladezeit um einen
Faktor zehn herabgesetzt werden, um mit der Lithiumionentechnologie konkurrieren zu
können [170172]. Zumindest Letzteres kann durch Herabskalierung, geeignete Wahl der
Kristallorientierung und Temperaturerhöhung erreicht werden. Ferner wird die Sauer-
stoﬀvakanzmigration durch Bestrahlung mit sichtbarem Licht unter Herabsetzen der
Aktivierungsenergie beschleunigt [173]. Einer Erhöhung der Kapazität und damit der
Defektdichte sind Grenzen gesetzt, da durch die Induzierung von Sauerstoﬀvakanzen zu
hohe elektronische Leitfähigkeiten erzielt werden, infolgedessen die Defektpolarisation
nicht mehr möglich ist.
4.4.2 Pyroelektrika
Pyroelektrizität ist aufgrund der Kristallstruktur im inversionssymmetrischen SrTiO3
eigentlich verboten. Allerdings berichtet die Literatur vermehrt von pyroelektrischen
quasi-amorphen Dünnschichten [54, 55] bei Raumtemperatur. Dieser Zustand bildet
sich durch die Ausrichtung von lokalen nicht-zentrosymmetrischen, aber auch zentro-
symmetrischen Struktureinheiten, z. B. TiO6-Oktaeder, beim Passieren eines Tempe-
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raturgradienten infolge der mechanischen Beanspruchung in eine bestimmte Zugrich-
tung [54, 55, 174177]. Neben diesen gibt es natürlich zahlreiche Arbeiten zu ferro-
elektrischem SrTiO3 [39, 4153, 56, 57], welche somit indirekt die pyroelektrischen
Eigenschaften des Materials nachweisen.
Allerdings weist die hier vorgestellte Pyroelektrizität ein Alleinstellungsmerkmal hin-
sichtlich ihrer Entstehung auf, denn sie ist defektmigrationsinduziert in einer ursprüng-
lich inversionssymmetrischen Kristallstruktur. Ferner lässt sich durch die Zuordnung
der MFP-Phase zur Raumgruppe P4mm ableiten, dass der pyroelektrische Vektor ~p
parallel zur [001]-Richtung liegt. Es wird ein pyroelektrischer Koeﬃzient von 30 µC/Km2
erreicht. Dieser liegt eine Größenordnung höher als bei Nichtferroelektrika, wie Tourma-
lin oder Zinkoxid, und eine bis zwei Größenordnungen niedriger als bei ferroelektrischen
Materialien, wie Bariumtitanat und Bleizirkontitanat [178, 179]. Der relativ hohe py-
roelektrische Koeﬃzient lässt sich auf die einkristalline Mikrostruktur des Materials
zurückführen.
Aufgrund der Feldstabilisierung der Phase zeigen zudem alle Dipolmomente in ei-
ne Richtung und tragen zur Gesamtpolarisation bei. Es handelt sich um eine dünne
Schicht im einstelligen µm-Bereich an der Oberﬂäche, wobei die Flächenbelegung der
MFP-Phase noch unklar ist, da die für die Bildung der MFP-Phase notwendigen Sau-
erstoﬀvakanzen um mindestens fünf Größenordnungen verdünnt sind. Eine Herabska-
lierung auf einkristalline Schichten könnte ein verändertes Verhältnis zwischen polarer
und unpolarer Phase zur Folge haben und die Materialeigenschaften weiter verbessern.
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5 Zusammenfassung
Kristallstrukturen von Übergangsmetalloxiden können in vielfältiger Weise stöchiome-
trisch modiﬁziert werden oder durch intrinsische Defekte beeinﬂusst sein, was sich
wesentlich in veränderlichen Materialeigenschaften widerspiegelt. In der vorliegenden
Arbeit konnte als Beispiel für eine Struktur-Eigenschaftskorrelation im perowskitischen
SrTiO3 gezeigt werden, dass die Interaktion von geladenen Punktdefekten mit externen
elektrischen Feldern zur Änderung der Kristallstruktur führt und daraus abgeleitete
neue Funktionalitäten hervorgehen.
Die Charakterisierung der Realstruktur des einkristallinen SrTiO3 erfolgte mit einer
Vielzahl von spektroskopischen und elektrischen Methoden, die sich vor allem auf die
Eﬀekte der Sauerstoﬀvakanz im relevanten Temperaturbereich beziehen. Während ei-
ne Temperaturbehandlung des Materials Liniendefekte ausheilt, können Punktdefekte
auch eingebracht werden. Insbesondere die Passivierung dieser Defekte in der gestörten
Oberﬂächenschicht war aufgrund unterschiedlicher Atmosphären nachweisbar. Wegen
ihrer positiven Ladung koppeln die Sauerstoﬀvakanzen an das externe elektrische Feld
und sind letztendlich im Einkristall beweglich. Dieser Vorgang heißt Elektroformie-
rung und lässt sich anhand temperaturabhängiger Messungen als Arrhenius-Prozess
bestimmen. Die ermittelten Mobilitäten und Aktivierungsenergien weisen eine klare
Abhängigkeit von der Kristallorientierung auf. Die Beweglichkeit der Sauerstoeer-
stellen führt zur Ausbildung eines Defektkonzentrationsgradienten mit einhergehender
Anreicherung der Vakanzen an der Kathode und Depletion an der Anode (Defektpola-
risation).
Zeitabhängige Röntgendiﬀraktometrie zeigt infolge der Elektroformierung in der V••O -
abgereicherten Region eine tetragonale Verzerrung der kubischen Struktur. Neben der
Dehnung der Elementarzelle in c-Richtung konnte anhand von Ramanmessungen der
Verlust der Inversionssymmetrie nachgewiesen werden. Die bisher unbekannte Phase
wurde aufgrund ihrer Charakteristik als migrationsinduzierte feldstabilisierte polare
(MFP) Phase benannt. Zur Bildung dieser Kristallstruktur ließ sich ein Modell aufstel-
len, welches die mikroskopischen Transportprozesse der Sauerstoﬀdefekte durch den
Einkristall beschreibt. Die lineare Abhängigkeit des Gitterparameters und der Stärke
des Dipolmomentes der Elementarzelle von der elektrischen Feldstärke sind wesentliche
Erkenntnisse der Untersuchungen. Somit lässt sich unter Ausnutzung defektchemischer
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Materialmodiﬁzierung im elektrischen Feld eine neue Möglichkeit der Strukturänderung
und damit einhergehender Phasenübergänge ableiten.
Weiterführend konnte der Nachweis von Pyroelektrizität der MFP-Phase erbracht
werden, wobei ein pyroelektrischer Koeﬃzient von 30 µC/Km2 bestimmt wurde. Unter
diesem Kenntnisstand war es ferner möglich anhand kristallographischer Prinzipien
für die MFP-Phase die Raumgruppe P4mm vorzuschlagen. Neben den polaren Eigen-
schaften infolge der Umverteilung von Sauerstoﬀvakanzen konnte die Defektpolarisation
hinsichtlich einer vollkommen anderen Funktionalität genutzt werden. Sie dient nach
Abschalten des elektrischen Feldes als elektromotorische Kraft und führt aufgrund ih-
res exergonischen Charakters dazu, dass der SrTiO3-Einkristall als elektrochemischer
Energiespeicher fungiert, welcher durch seine dielektrische Charakteristik und internen
Redoxprozesse gleichzeitig die Funktionen als Anode, Kathode und Festkörperelektro-
lyt übernimmt.
Die Übertragbarkeit der beobachteten Phänomene auf andere Übergangsmetalloxide
vor allem in der Familie der Perowskite und perowskitverwandter Strukturen ist zwei-
felsfrei möglich. Die Rolle der Sauerstoﬀvakanz als Bindeglied zwischen Kristallstruktur
und Funktionalität ist dabei wesentlich für derartige Materialsysteme.
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